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Many cellular functions rely on the movements of molecular motors. Single molecule studies of 
these motors allow investigation into their step-sizes and stall forces. Such studies inevitably involve 
noise, which is inherent in the biological and imaging systems probing these motors. Having to work 
with noise in the system, we develop a parameter, called the FIONA Index, which serves as a guide for 
data quality based on noise per step-size (NPS) and frames per step (FPS). Attempting to bring the noise 
out of the system, we develop Magnetic Cytoskeleton Affinity (MiCA) purification to remove excess dyes 
that prevent clear observation of individual motors. We show that with appropriate treatment of noise, 
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NOISE IN: THE FIONA INDEX - A GUIDE TO OPTIMIZE NOISE AND FRAME 
RATE FOR MOLECULAR MOTOR STEPPING EXPERIMENTS 
 
The important thing is not to be too comfortable when you're writing. Noise in the street? That's good. 
The computer goes down? That's good. All these things are good. It has to be a little bit of a struggle.  
E. L. Doctorow 
1.1 Abstract 
Measurements of molecular motor step-sizes are always accompanied by noise. To date there is no 
guideline to the level of acceptable noise for step-size analysis. In this study we look at how noise affects 
data quality at varying frame rate, finding that as noise increases, frame rate needs to increase 
exponentially to maintain accurate step-size measurement. We developed a parameter, called the 
FIONA Index, which serves as a guide for data quality based on noise per step-size (NPS) and frames per 
step (FPS), and if necessary, to eliminate those traces which do not meet this quality. A rough guideline 
is to get a FIONA Index of ~ 1. To detect steps, we use the Schwarz Information Criterion (SIC) step-
finder, as we find that the SIC step-finder has the most consistent performance across all noise levels 
compared to either the Student’s t-test or the Hidden Markov Method. As an example, we evaluate the 





Single-molecule tracking (SMT) with high precision are required for dynamic studies of molecular motors, 
such as that of myosin, kinesin and dynein. This often means low noise and fast temporal resolution (or 
equivalently, frame rate) in order to clearly delineate steps. Too slow temporal resolution will yield too 
long of a step size because of an admixture of multiple step-sizes; too fast temporal resolution and there 
won’t be enough signal (photons) to get the precision desired. 
Fluorescence Imaging with One Nanometer Accuracy (FIONA) was invented to accurately pinpoint the 
position of a fluorescent probe, achieving ~ 1.5 nm spatial accuracy using frame rates from 2 Hz1,2 to 
1000 Hz3. Getting the best step-size data does not come simply through using the fastest frame rate, 
because increasing frame rate inadvertently increases noise as the number of photons collected 
decreases. There is thus a fine interplay between frame rate and noise. The lack of a guideline for an 
acceptable level of noise at a given frame rate has led to uncertainty in determining these experimental 
parameters, and the inability to objectively filter out poor quality data. 
No study has been done to investigate the optimal combinations of frame rate and noise for step-size 
experiments. Several studies have been conducted to extract true step-sizes of molecular motors 4–8, but 
they did not probe the relationship between frame rate and noise. Other studies examined noise, but 
only to obtain true velocity and trajectory, not step-size 9,10. The study that comes closest to evaluating 
the effect of frame rate and noise for a step-size experiment was done by Carter et al., who examined 
the performance of different step-finding algorithms −t-test, velocity threshold, chi-squared 
minimization and a derivative of Gaussian wavelet− at different noise levels9. They found that the 
performance of all step-finding algorithms decreases with increasing noise, and concluded that the chi-
squared minimization was their method of choice for step finding over a wide range of noise. This study, 
however, did not specifically establish what level of noise is acceptable at each frame rate, which is the 
objective of this paper. 
We started with evaluating the performance of three different step-finding algorithms− Student’s t-test, 
Hidden Markov Model (HMM), and Schwarz Information Criterion (SIC) − to quantify and predict the 
likelihood of a step-finding algorithm to find the “true” step-size at a given noise level and frame rate. 
We find the SIC is the best. Furthermore, we introduced a simple measure that relates frame rate to 
noise, which we call the FIONA Index. The FIONA Index is defined as: 
𝐹𝐼𝑂𝑁𝐴 𝐼𝑛𝑑𝑒𝑥 =  
𝐹𝑃𝑆
4 𝑒3.25 𝑁𝑃𝑆
             (1) 
where FPS is frames per step, a quantity related to the frame rate, and NPS is noise per step-size.  
As discussed later, the equation is made such that when the FIONA Index less is than one, the FPS is less 
than the minimum needed at a given NPS, which means the frame rate is too low for its noise, hence its 
time-resolution needs to be increased. For such traces, the measured step-sizes are predicted to be 
larger than the true step-size.  On the other hand, a trace with a FIONA Index more than one should 
yield the correct step-size of the molecular motor under study (subject to other experimental 
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parameters, such as stage drift). Different traces will have different FIONA Indices due to variation in 
noise and molecular motors velocity. A significant advantage of knowing the FIONA Index is that certain 
data runs that have a FIONA Index less than one can be eliminated and the “correct” step-size then 
calculated.  
In this paper we focus on kinesin-1, the conventional kinesin, although our calculations should be valid 
for any molecular motor. With kinesin–1, the “true” step-size is 8.3 nm2,10, meaning its center of mass 
traverses 8.3 nm each time kinesin steps. A typical kinesin velocity in the cell is around 800 nm/sec, or 
100 steps/sec 3,11,12, with a rate dependent on the ATP concentration for in vitro measurements.  As we 
find from our simulations, the relationship between optimal frame rate and noise is not linear, but 
rather fits to an exponential relationship (see equation 1).  
 
1.3 Materials and Methods 
1.3.1 Kinesin stepping simulation 
We turn to simulation to produce traces with known step-size so that we can objectively evaluate the 
performance of the step-finding algorithms. To simulate kinesin stepping in one dimension, we use 
Matlab to generate a master stepping trace consisting 5 million frames with an average dwell of 4620 
frames/step (FPS). We use such high average dwell for the master trace to allow traces with shorter 
dwells to be produced. At every simulated frame, kinesin is allowed to take an 8 nm step with a 
probability of 1/4620. Note that here we use 8 nm instead of the precise 8.3 nm kinesin step-size for the 
sake of simplicity, with no loss in precision. At the end of the simulation for the master trace, kinesin has 
taken 1142 steps with a displacement of 9136 nm. 
With the master trace, we then produce 35 other traces with FPS between 1 and 1000 by taking regular 
position intervals of the master trace. This is akin to collecting data at the fastest frame rate, and 
generating traces at slower frame rate using positions at the fastest frame rate. To be specific, FPS 1 
trace contains positions taken from frame 1, 4620, 9240, to 4998840 of the FPS 4620 trace. FPS 2 trace 
contains displacements from frame 1, 2310, 4620, to 4998840 of the FPS 4620 trace. The number of 
kinesin steps is the same for all traces, just that there are more frames for the higher FPS. 
Once the 35 traces from FPS 1 to 1000 are produced, we add a normally distributed random noise with 
amplitude between 0 nm to 14 nm to each trace, which means that the noise added varies from 0 to 
1.75 times larger than the step-size (8 nm). This dimensionless quantity, the noise per step-size (NPS), 
enables us to generalize our result to molecular motors that have step-sizes other than 8 nm. For noise, 
what matters has less to do with the absolute magnitude of the noise than its relative magnitude with 
respect to the step-size. A noise of 4 nm and 20 nm has the same effect for motors with step-size of 8 




1.3.2 Step-detection methods 
There are many step-finding algorithms, and identifying the best algorithm is essential to get accurate 
step-sizes at various noise and frame rate. As mentioned previously, a review by Carter et al.9 compared 
the performance of Student T-test method8, Velocity Threshold (VT) method13, Chi-Squared 
minimization method14 and derivative of Gaussian wavelet (dG wavelet) method15 and concluded that 
Chi-Squared minimization is the method of choice for step finding under the performance metric used. 
Since the review by Carter et al., two other step-finding algorithms: Hidden Markov Model6,7 and SIC 
step-finder5 were reported, and both claim to perform better than the Chi-Squared minimization 
method under similar performance metric as described by Carter et al.9. 
In this study, we compare three different step-detection methods: 1) Student’s t-test, 2) Hidden Markov 
Model and 3) SIC step-finder. 
 
1.3.2.1    Student’s t-test 
We implemented the Student’s t-test algorithm using Interactive Data Language (IDL) from Exelis Visual 
Information Solutions. For each stepping point, an equal number of points before and after this stepping 
point are compared and for every point, a student’s t-test is performed using the equation: 
 
where N is the number of points in each sample, s1
2 and s2
2
 are the unbiased estimator of the sample 
variances, and ?̅?1 and ?̅?2 are the sample means. The output is the t-statistic and has a value between 0 
and 1. A plot of the t-statistic vs. frame will yield a downward or upward peak indicating potential step 
locations.  Small values for the t-test, usually 0.10, 0.05 or 0.01, imply that the means, ?̅?1 and ?̅?2, are 
significantly different with 90%, 95%, or 99% confidence interval respectively. Downward peaks (forward 
step) or upward peaks (backward step) in the significance values are identified as steps when their 
magnitudes are smaller than the significance threshold. We vary the significance threshold from 0.01 to 
0.05, corresponding to a confidence range of 95% to 99% that the two populations are significantly 
different. We also vary N from 2 (at least two points are needed to calculate a standard deviation) to 10 
(large enough sampling to test if two populations are significantly different) with unit increments. Step-
fits are obtained for all significance threshold and N values; the step-fit with the lowest chi-square are 






1.3.2.2    Hidden Markov model 
HMMs are extensively used for computer voice recognition16 sequence analysis of DNA17 and analysis of 
single ion channel recordings18–21. A thorough discussion of the improved Hidden Markov Model for 
molecular motors is laid out by Müllner et al. and Syed et al.6,7. Implementation of HMM requires little-
or-no user input for step finding. There are two major tasks in Hidden Markov Model analysis: the first is 
to estimate the model parameters, which include dwell times and step-size distribution. This is done 
through maximum likelihood (ML) estimation. The second is to obtain idealized time course of the 
motor activity once the model parameters are known. This is done using Viterbi algorithm6. 
Müllner et al. and Syed et al. developed robust algorithms that improved on previously available 
Markovian-based techniques. Their algorithm allows analysis of molecular motors with arbitrary 
distribution of step-sizes, better modeling of the data acquisition process, and one that accounts for the 
random baseline drifts. They call their method variable step-size, integrating detector HMM (VSI-
HMM)6,7. We use the Matlab implementation of this algorithm for the HMM analysis of our simulated 
data. 
 
1.3.2.3    Schwarz Information Criterion (SIC) step-finder 
Kalafut et al. described a step detection method making use of the Schwarz Information Criterion (SIC) 
to decide the number and location of steps5. This method takes no user input and step detection is 
automatic and objective. The SIC is used to prevent over-fitting by introducing penalties for over-fitting. 
This is useful for discriminating between models with differing number of parameters, as is the case for 
stepping traces when an additional step means an additional parameter. Without a penalty, statistical 
tests like the likelihood-ratio tests tend to favor models with more parameters. 
Kalafut et al. derived the SIC statistic for step detection by treating the stepping data as a series of 
independent trials of Gaussian random variables with identical variances, yielding: 
 
𝑆𝐼𝐶(𝑗1, … , 𝑗𝑘) = (𝑘 + 2) log 𝑛 + 𝑛 log ?̂?𝑗1,…,𝑗𝑘
2 + 𝑛 log 2𝜋 + 𝑛 
where 𝑗1, … , 𝑗𝑘 are the assumed step locations, ?̂?𝑗1,…,𝑗𝑘
2  is the maximum likelihood estimator of the 
variance calculated with the assumed step locations, and 𝑛 is the number of data points. The terms 𝑛 
and 𝑛 log 2𝜋 are constant and may be dropped, since only relative values of the SIC is important.  
The process of step-detection using SIC stepfinder involves calculating the SIC statistic for all the data 
points. The point having the lowest value of SIC statistic is the step location for a one-step fit. This SIC 
statistic for one-step hypothesis is compared with SIC statistic for no-step hypothesis. If no-step SIC is 
lower, the step finding process is terminated and no step is concluded for the trace. Otherwise, the one-
step hypothesis is accepted and the process is repeated again looking for a second step and comparing 
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the SIC statistic for two-step vs. one-step. This continues until the SIC statistic for the k-step is lower 
than the (k+1)-step, in which case the step finding process is terminated and the trace is fitted with k 
steps. 
 
1.3.3 Metrics to determine the performance of step-finding algorithms 
There are different ways to assess the performance of step-finding algorithms. Carter et al. uses three 
metrics: fraction of true steps found, fraction of fitted steps correctly placed, and fraction of steps with 
the correct step-size (8 nm)9. Here we use a different metric directly relevant to the molecular motor 
research: the predicted step-size of the molecular motor. This is not trivial considering the output for 
each step-finding algorithm is not just a single value for the step-size, but a distribution of step-sizes. We 
find that the predicted step-size can be estimated by fitting two Gaussians to the step-size histogram, 
constraining the center of the second Gaussian (corresponding to missed steps) to twice the center of 
the first Gaussian. The predicted step-size of the motor is taken to be the center of the first Gaussian. 
Using these predicted step-sizes, we can compare the performances of the three step-finding algorithms 
under study. 
 
1.3.4 Kinesin motility assay 
Kinesin walking assay is performed using Qdot  655 streptavidin conjugate from Thermo Scientific 
(Q10121MP) bound to truncated kinesin expressed with biotin and His-tag (K432-Bio-H6). Qdot and 
kinesin is mixed in 1 to 3 ratio using BRB10-BSA buffer (10 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9, 
with 10 mg/mL BSA). Experiments are done on polyethylene glycol (PEG) coverslip with 5% biotin-PEG. 
Briefly, one chamber volume of 6 M streptavidin (43–4302, Life Technologies) are flowed into the 
sample chamber and incubated for > 2 mins. The chamber is then washed with two chamber volumes of 
BRB10-BSA. Next, two chamber volumes of HiLyte 488-biotin-microtubule (1:3:25 HiLyte 488 tubulin : 
biotin-tubulin : tubulin from Cytoskeleton, Inc.) is flowed in and incubated for > 2 mins. Two chamber 
volumes of Taxol-biotin buffer (20 M Taxol (Cytoskeleton, Inc.), 100 M biotin (B4501, Sigma Aldrich)) is 
then flowed in to block the remaining binding sites of streptavidin. Lastly, imaging buffer containing 200 
nM MgATP, 375 nM Qdot-kinesin, 1 mM THP (71194, EMD Millipore), 20 µM Taxol, 100 nM PCD (P8279, 
Sigma-Aldrich), 10 mM PCA (37580, Sigma Aldrich), 100 µM biotin (B4501, Sigma-Aldrich), 2 Units/mL 
Creatine Kinase (10127566001, Roche Applied Science) and 2 mM Creatine Phosphate (10621714001, 
Roche Applied Science) is flowed into the chamber. The sample chamber is later imaged using total 






1.3.4.1    Data collection at varying frame rate 
When data acquisition is not fast enough, it becomes harder to obtain the true step-size of the 
molecular motors. To study the exact effect of varying frame rate on the predicted step-size of kinesin, 
we conduct the kinesin-walking assay with frame rates of 4 Hz, 10 Hz, 20 Hz, 40 Hz, and 100 Hz. 
 
1.3.4.2    Analysis through integrating frames 
Frame rates can also be manipulated post-experimentally by summing together multiple frames, 
creating new sets of data with lower frame rates from the original data. This allows us to study the 
effect of varying frame rates using the same data set, thus avoiding user biases that may arise when we 
are cropping points to be analyzed. 
Using data from the fastest frame rate (100 Hz), we create new sets of data by integrating the frames 5x, 
25x, 125x and 625x, creating data with frame rates of 20 Hz, 4 Hz, 0.8 Hz and 0.16 Hz. 
 
1.4 Results 
1.4.1 Determining NPS and threshold FPS 
In order to formulate the FIONA Index, we need to know two quantities: NPS and threshold FPS. The 
NPS is simply the noise level divided by the expected step-size (8 nm). We define the threshold FPS to be 
the minimum FPS needed to yield successful step finding at a given noise. We define a successful step-
finding algorithm to be successful when the predicted step-size falls within 10% of the true step-size. So, 
for the case of 8 nm step-size, the range is 7.2 nm - 8.8 nm. This is applicable to all the step-fitting 
algorithms.  
With this definition, we systematically find the threshold FPS for each noise level from 1 nm to 14 nm, 
corresponding to NPS of 0.125 to 1.75. Figure 1.1 shows the simulation and step-finding using SIC-
stepfinder for two noise levels: 1 nm and 12 nm. The threshold FPS increases from 6 to 600 when the 
noise increases from 1 nm to 12 nm. As noise increases, we need more and more frames between steps 
because noise blurs each stepping instance, making it more difficult to be sure that a step is a step and 





            (a) Noise 1        (b) Noise 12 
Figure 1.1: Simulation and step-fitting with SIC-stepfinder at frames per step (FPS) between 1 to 1000 and noises of 
(a) 1 nm and (b) 12 nm. The step-size histograms are fitted to two Gaussians at each negative and positive step-
size. Green fits are assigned to FPS windows with predicted step-sizes of 8 nm ± 0.8 nm, while red fits are assigned 
to those outside the range. As noise increases, more FPS is needed to get the right step-size. The threshold FPS for 
noise 1 and 12 are 6 and 600 respectively. 
 
1.4.2 Relationship between threshold FPS and NPS 
Intuitively, we know that as the noise per step-size (NPS) increases, the threshold FPS will increase. 
What we do not know is how fast the threshold FPS increases with NPS. This varies significantly from 




Figure 1.2: A semi-log plot of threshold FPS at different NPS for T-test, HMM and SIC stepfinder. Lower threshold 
FPS means better step-finding for a given level of noise. At low noise (NPS < 0.625), HMM and Student’s T-test are 
better than SIC-stepfinder, with HMM being the best. At high noise (NPS > 0.625) SIC-stepfinder is better at 
detecting steps. The consistent performance of SIC-stepfinder across a wide range of noise enables an exponential 
fit. 
For the Student’s T-test, the threshold FPS starts at 2 at zero noise, and increases rapidly to FPS greater 
than 1000 at NPS 0.75. As discussed in Appendix A.1, the threshold FPS at zero noise should be a 
number greater than 1 frame per step due to the exponential nature of the dwell time. Note that we 
report any threshold FPS greater than 1000 to be 1000 since our simulation stops at FPS 1000. Student’s 
T-test tends to overfit noise as a series of back and forth steps with no net displacement, as shown in 
Appendix Figure A.3. This started at NPS 0.375, and renders result from the Student’s T-test unreliable 
for NPS greater than 0.375 because it reports both negative and positive step-sizes when the real step 
only contains positive step. 
For HMM, the threshold FPS starts at 2 at zero noise and stays around 2 to 3 until NPS 0.5. After that it 
increases quickly to 1000 at NPS 0.875. HMM is generally better than Student’s T-test at all noise regime 
because it reports only positive step-sizes, which means that it does not overfit the traces. The noise 
regime for accurate step-fitting with HMM is between NPS 0 and 0.75. (See also Figure 3 in Sheyum et 
al7 and associated discussion of HMM at high noise.) 
For SIC-stepfinder, the threshold FPS starts at 6 at zero noise, and increases gradually to 1000 at NPS 
1.75. SIC-stepfinder is more reliable than Student’s T-test because it reports only positive step-sizes at 
all noise level, as shown in supplemental Appendix Figure A.3. Compared to HMM, SIC-stepfinder 
performs worse at very low noise, but it quickly catches up at NPS larger than 0.625. The predictable, 
gradual increase of the threshold FPS for SIC-stepfinder makes it a better step-finding algorithm than T-
test and HMM as it allows us to formulate an equation linking FPS to NPS over a large noise range. As 
shown later in Figure 1.5, the NPS for a kinesin walking experiment can range anywhere between 0.2 to 
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1.4, a wide range where the SIC-stepfinder works well. We therefore choose SIC-stepfinder as our 
routine step-finding algorithm, and will use it for the step-size analysis of the kinesin stepping 
experiments and to formulate the FIONA Index.  This will help us eliminate those traces --which should 
be eliminated-- in order to end up with a more accurate value for the final step size from an 
experimental set of data. 
 
1.4.3 Formulation of FIONA Index 
The consistency in the performance of SIC-stepfinder across a wide noise spectrum prompts us to use 
SIC-stepfinder to formulate FIONA Index. T-test or HMM can also be used to formulate the FIONA Index, 
though the resulting formula will be different. It is important to note that FIONA Index formulated with 
one step-finding algorithm is useful to evaluate traces analyzed only with that particular step-finding 
algorithm. 
 
In Figure 1.2, we see that the Threshold FPS vs. NPS graph for SIC-stepfinder can be fitted with an 
exponential fit, yielding the equation: 
 
𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝐹𝑃𝑆 = 4 𝑒3.25 𝑁𝑃𝑆 
We define the FIONA Index simply as the ratio between the left-hand-side vs. right-hand-side of the 
equation above, with threshold FPS being a special case of FPS. 
 
𝐹𝐼𝑂𝑁𝐴 𝐼𝑛𝑑𝑒𝑥 =  
𝐹𝑃𝑆
4 𝑒3.25 𝑁𝑃𝑆
   (1) 
 
When the FPS equals threshold FPS at a given NPS, the FIONA Index will be 1; When the FPS is less than 
the threshold FPS, FIONA Index will be smaller than one. Since threshold FPS is defined as the minimum 
FPS needed to yield successful step-finding, a FIONA Index less than 1 means poor step-finding that will 
give larger predicted step-size than expected. 
During the analysis of a kinesin walking trace, the FPS and NPS can be calculated with the following 
equations: 
𝑭𝑷𝑺 =  
𝑵𝒇𝒓𝒂𝒎𝒆𝒔
𝑵𝒔𝒕𝒆𝒑𝒔
  (2) 
 








   (3) 
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where Nframes is the number of frames, Nsteps is the number of steps, S is the step-size, x is the walking 
trace, and xfit is the fitted trace. Nsteps can be calculated in two ways, one is by simply getting the number 
of steps fitted by the step-finding algorithm, and another by taking displacement divided by the 
expected step-size (8 nm). The FPS that generates the lowest FIONA Index is used. When FIONA Index is 
more than 1, there are enough frames collected that the trace FPS is greater than the threshold FPS, 
yielding predicted step-size close to 8 nm. When FIONA Index is less than 1, the trace FPS is lower than 
threshold FPS, and the predicted step-size is likely greater than 8 nm. 
To verify that the formulation for FIONA Index in Equation (1) is applicable to step-sizes other than 8 nm, 
we repeat the kinesin walking simulation using step-sizes of 1.5 nm and 35 nm and show in Appendix 
Figure A.5 that we get similar formulation as in Equation (1). 
Equation (1) shows the formulation of the FIONA Index based on step-size histogram, yielding threshold 
FPS vs NPS graph in Figure 1.2. Similar threshold FPS vs NPS graph based on dwell-time instead of step-
size histogram can be generated, and this is shown in supplemental Figure A.9. This will yield a different 
and more stringent formulation of the FIONA index and can be used when the dwell-time is important. 
 
1.4.4 Applying FIONA Index to kinesin stepping data 
Once the FIONA Index is formulated, we can start applying it to evaluate the data quality of a kinesin 
walking assay.  Here we typically use low ATP concentration (200 nM) and a frame rate around 12.5 Hz, 
or a time-resolution of 80 msec. 
For each kinesin stepping trace obtained through experiment, we get a displacement vs. frame graph as 
shown in Figure 1.3(a). The blue line is the experimental data of the stepping trace, and the red line is 
the fit to the data (the step-fit). The step-sizes are noted next to the steps of the step-fit. Since the 
number of frames is 1089 and the number of steps is 45, the FPS can be calculated with equation (2), 
yielding 1089/45 = 24.2. 
To calculate NPS, we refer to the residual graph in Figure 1.3(b). The residual is the difference between 
the step-trace and the step-fit. In Figure 1.3(b), the residual falls between –5 nm to 5 nm, with a 
standard deviation of 2.6 nm. This is the noise. Since the expected step-size is 8 nm, we can calculate 
the NPS using equation (3), yielding 2.6 nm/8 nm = 0.325.  
Knowing FPS and NPS, we can calculate FIONA Index using equation (1), yielding FIONA Index = 2.1, 
which is clearly greater than 1. 
When the FPS and NPS is plotted on Figure 1.3(c), we get a good sense of where the FPS and NPS stands 
with respect to the FIONA Index = 1 line. Any points above this line will have FIONA Index > 1, which is 
good for step-size prediction. Any points below this line will have FIONA Index < 1. For this trace with 
high FIONA Index, the FPS vs. NPS point lies above the FIONA Index = 1 line. 
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Due to the high FIONA Index of this trace, its predicted step-size should come very close to the true 
step-size, which is 8.3 nm. Indeed, when the step-size histogram is plotted on Figure 1.3(d) and fitted to 
a double Gaussian curve for both positive and negative step-sizes, the predicted step-size is 8.0 nm. 
 
Figure 1.3: (a) A typical stepping trace of kinesin with high FIONA Index (= 2.1). Blue is the step-trace. Red is step-fit. The 
numbers next to the step fits are the step-sizes. (b) Residual graph subtracting the step-trace by the step-fit. (c) A semi-log 
graph of FPS vs. NPS. The straight line represents the line where FIONA Index = 1 and the blue dot plots the position of the FPS 
and NPS of the stepping-trace (d) Step-size histogram of the step-sizes obtained from the step-fits. 
A trace from the same experiment as Figure 1.3 but with a low FIONA Index is shown in Figure 1.4(a). 
The FPS in this trace is 86.1, higher than that of Figure 1.3. Higher FPS usually leads to higher FIONA 
Index, but for this trace, the noise is really large, i.e. 10.5 nm as shown in Figure 1.4(b). This leads to high 
NPS of 1.31, leading to low FIONA Index of 0.3. 
When the FPS vs. NPS graph is plotted on Figure 1.4(c), the FPS vs. NPS point lies below the FIONA Index 
= 1 line. With a low FIONA Index, the predicted step-size should be larger than the true step-size. From 





Figure 1.4: A typical stepping trace of kinesin with low FIONA Index (=0.3). Blue is the step-trace. Red is step-fit. The numbers 
next to the step fits are the step-sizes. (b) Residual graph subtracting the step-trace by the step-fit. (c) a semi-log graph of FPS 
vs. NPS. The straight line represents the line where FIONA Index = 1 and the blue dot plots the position of the FPS and NPS of 
the step-trace (d) Step-size histogram of the step-sizes obtained from the step-fits. 
In our experience, a number of factors can yield a trace with low FIONA Index as in Figure 1.4. It may be 
the inherent noise in the trace, caused by the low signal; the sample is not properly focused; or 
microtubule fluctuation. Another factor is human error: choosing traces with sudden jumps caused by 
improper immobilization of microtubules; error in transforming 2D positional trace to a 1D staircase 
trace; or using traces when stage drifts are significant.  
 
1.4.5 Effect of varying frame rates 
To test the performance of FIONA Index, we perform the walking assay with kinesin for varying frame 
rates. We expect that as frame rate decreases, FIONA Index should decrease and the predicted step-size 
would become larger than the true 8.3 nm step. We use frame rates of 100 Hz, 40 Hz, 20 Hz, 10 Hz and 4 
Hz.  
Figure 1.5(a) shows the FPS vs. NPS graph for all the frame rates. Each point represents one trace. The 
different frame rates are color coded with yellow (100 Hz), light blue (40 Hz), magenta (20 Hz), dark blue 
(10 Hz) and 4 Hz (red). As the frame rate decreases from 100 Hz to 4 Hz, the FPS and NPS both decreases 
since FPS is proportional to frame rate and more photons are collected which reduces the noise. 
For experiments with frame rates higher than 10 Hz, most of the points have their FIONA Indices greater 
than 1. For frame rates that are 10 Hz and below, the points are spread above and below the FIONA 
Index = 1 line, which means that some traces will have FIONA Indices greater than 1, and while others 
are less than 1. 
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Looking at the average FIONA Indices of the traces at varying frame rates in Figure 1.5(b), we notice that 
all of them have an average FIONA Index above 1, which means that the predicted step-size for all frame 
rates should be close to 8.3 nm. We note that the average FIONA Index increases from 2.46 to 3.04 as 
frame rate decreases from 100 Hz to 40 Hz, then decreases from 3.04 to 1.03 when frame rate 
decreases from 40 Hz to 4 Hz. One possible explanation is that the noise decreases much faster than 
frame rate from 100 Hz to 40 Hz, causing the FIONA Index to increase; while from 40 Hz to 4 Hz, the 
decrease in noise reaches a plateau as the frame rate keeps decreasing, causing the FIONA Index to 
decrease. 
Figure 1.5(c) shows the step-sizes obtained at these frame rates. As expected, the step-sizes at all the 
frame rates are close to the true 8.3 nm step-size since all the FIONA Indices are greater than 1. At 4 Hz, 
the step size starts to be larger than 8.3 nm. We expect that at even lower frame rates, the predicted 
step-size will continue to increase. To confirm this, we sum together frames from the 100 Hz traces to 





Figure 1.5: (a) FPS vs. NPS graph at varying frame rates. Each point represents one trace. The different frame rates 
are color coded with yellow (100 Hz), light blue (40 Hz), magenta (20 Hz), dark blue (10 Hz) and 4 Hz (red). (b) 
FIONA Index at varying frame rates. (c) Predicted step-size at varying frame rates. 
 
1.4.6 Effect of integrating frames 
By integrating frames 5x, 25x, 125x and 625x from the traces with the highest frame rate (100 Hz), we 
obtain traces at lower frame rates: 20 Hz, 4 Hz, 0.8 Hz, and 1.6 Hz. Figure 1.6(c) shows the changes in the 
predicted step-size as the integration factor increases. For 1x, 5x and 25x integration factors, the 
predicted step-sizes remain close to 8.3 nm. For 125x integration factor, the frame rate is low enough 
that there are significant skipped steps with large step-sizes, giving a predicted step-size of 10.7 nm. For 
625x, there are too many skipped steps that there is essentially no step that is registered at 8 nm. All the 
step-sizes are bigger than 16 nm, and the predicted step-size is 24 nm. 
Examining the FPS vs. NPS graph in Figure 1.6(a), we notice that the FPS consistently decreases when 
integration factor increases, while the NPS decreases then increases. The initial high value of NPS may 
be caused by high noise associated with kinesin cargo fluctuation or limitation in the number of photons 
collected at high frame rate. As integration factor increases to 5x and 25x, noise will decrease because 
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the fluctuations are averaged out and more photons are collected, yielding lower NPS. However after 
25x integration factor, the FPS starts to be too low that there are a lot of skipped steps, generating 
imperfect step-size fits. These skipped steps and imperfect fits generate large residual graph similar to 
the one shown in Figure 1.4(b), giving rise to higher NPS.  
Figure 1.6(b) shows the consistent decrease in the average FIONA Indices from 2.46 to 0.01 as the 
integration factor increases from 1x to 625x. As long as the FIONA Indices is above 1 (for 1x and 5x 
integration factor), the predicted step-sizes are close to the true step-size of 8.3 nm. It is worthwhile to 
note that the predicted step-size for the 25x integration factor is close to the true step-size of 8.3 nm, 
even though its average FIONA Index is 0.79, a value less than 1. This shows that certain traces with 
FIONA Indices less than 1—in this case, greater than 0.5— may still have predicted step-sizes close to 
the true step-size. For traces with 125x and 625x integration factor, their FIONA Indices are much less 
than 1 (0.11 and 0.01) and their predicted step-sizes are much greater than the true step-size of 8.3 nm 
(10.7 nm and 23.5 nm respectively). 
 
 
Figure 1.6: (a) FPS vs NPS graph at varying integration factors. (b) FIONA Index at varying integration factors. (c) Predicted step-





Finding the step-sizes of molecular motors requires the super-accuracy techniques to overcome the 
diffraction limit of light. Routine step-size measurements require prudent selection of the frame rate at 
a given ATP concentration, and minimizing noise in the experiment. 
With FIONA Index, we can determine the optimal balance between frame rate and noise by looking 
into the frames per step (FPS) and noise per step-size (NPS) of each motor walking trace. By plotting the 
FPS vs. NPS graph with FIONA Index = 1 line, and calculating FIONA Index, we can: 
1. Optimize experimental protocol for step-size experiment knowing the true step-size of molecular 
motor 
2. Find the true step-size of molecular motor without prior knowledge of the step-size, being assured 
that the step-size predicted is a true step-size instead of one arising from skipped steps 
 
1.5.1 Known step-size, optimizing experimental protocol 
When the “true” step-size is known, we can calculate the FIONA Index, FPS and NPS using Equation (1), 
(2) and (3) then use these quantities to further optimize experimental parameters. To illustrate, suppose 
we conduct an experiment with a frame rate of 4 Hz and obtain a step-size histogram with a step-size of 
8.9 nm as shown in the red histogram of Figure 1.5(c). A step-size of 8.9 nm is larger than the true step-
size of 8.3 nm and we want to improve the experiment. What can we do? 
This is when knowledge of the FIONA Index, FPS and NPS can inform us of what step to take next. The 
average FIONA Indices of the traces is 1.03, as shown in the red bar graph of Figure 1.5(b). This tells us 
that some of the traces have FIONA Indices less than 1, and some more than 1, and we confirm this by 
plotting the FPS vs NPS graph as shown in Figure 1.5(a).  
Now knowing that the experiment contains a mixture of good and bad quality traces, we can take three 
different measures to improve the experiment. One is to lower the NPS, another is to increase the FPS, 
and the last one is to post-analytically select traces with FIONA Index > 1. 
 
1.5.1.1 Reduce NPS 
One way to improve FIONA Index is to reduce the NPS. Noise can arise from the finite amount of 
photons collected, fluctuation of the microtubule, or fluctuation of the fluorescent reporter itself. When 
noise is a factor, the simplest solution is to increase the laser power to collect more photons. This is 
limited by the photo-damage to kinesin caused by increased laser power, and also the inherent 
fluctuation in the microtubule and fluorophore as shown in the Appendix A.3. To summarize, there is a 
minimum NPS to a kinesin walking experiment (e.g. NPS 0.2 for experiment in Figure 1.6(a)), and once 
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we hit this minimum, we need to count on other ways to improve FIONA Index, which is by increasing 
FPS. 
 
1.5.1.2 Increase FPS 
We can increase FPS in two ways: 1) increasing the frame rate and 2) reducing the speed of the 
molecular motor by reducing the ATP concentration. Increasing the frame rate from 4 Hz to 10 Hz in 
Figure 1.5(c) leads to improvement in step-size from 8.9 nm to 7.9 nm, a closer value to the true step-
size of 8.3 nm. Notice that for the 4 Hz traces in Figure 1.5(c), there are many skipped steps at 16 nm, 
which is largely absent when the frame rate is at 10 Hz. 
A fair question to ask is how much should the FPS or the FIONA Index be increased. From Figure 
1.5(c), we note that any frame faster than 4 Hz is sufficient to give us predicted step-size close to the 
true step-size. Collecting at 100 Hz is unnecessary as it only generate a large amount of data without 
significantly benefiting the step-size prediction. A side effect of increasing the FPS recklessly is increase 
in noise and potential for fitting noise that generate negative step-sizes. Figure 1.5(a) shows the 
constant increase in noise as the frame rate increases from 4 Hz to 100 Hz. Supplemental Figure A.3 
shows that for high noise, some step-finding algorithms like Student’s T-test will fit noise as a series of 
backward and forward steps with no net displacement, generating artifactual step-sizes. Supplemental 
Figure S6 shows that as FPS increases, especially when the frame length is greater than the FPS, we start 
to fit noise and generate aberrant negative step-sizes with its corresponding aberrant positive step-sizes. 
Therefore, an optimal step-size experiment is one where the FPS is just enough to give FIONA Index 
around 1 to 2 while minimizing the NPS. For the experiment in Figure 1.5(a), the optimal frame rate is 20 
Hz, which allows most of the points in the FPS vs. NPS plot to lie above the FIONA Index = 1 plot, while 
keeping the NPS low at around 0.4. This gives rise to a FIONA Index of 1.74 in Figure 1.5(b). 
To find the optimal experimental protocol, we recommend collecting experiments at different frame 
rates, and plot the FPS vs. NPS and also the FIONA Index graphs as in Figure 1.5(a, b). Then choose the 
frame rate when the FPS vs. NPS plot just starts to have most of the points above the FIONA Index = 1 
line, while keeping the NPS at its minimum to avoid fitting noise that gives rise to negative step-sizes. 
 
1.5.1.3 Post-analysis correction 
A very useful feature of the FIONA Index is the ability to post-analytically select traces with high FIONA 
Indices. This filters out traces with high NPS and low FPS, since in any experiment a fraction of motors 
will be attached to dimmer fluorophores generating high NPS, and some move faster than other motors 
giving low FPS. As a good example, we pool together traces collected by participants of the Center of 
Physics of Living Cell (CPLC) summer school in 2016. There are six participants trying their hands first 
time on the kinesin walking experiment. They collected a total of 106 walking traces, and the FPS vs. NPS 
graph, FIONA Index histogram and step-size histograms are shown in Figure 1.7. By choosing traces with 
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FIONA Indices more than 1, they are able to get kinesin step-size of 8.8 nm, in very close agreement with 
the expected step-size of 8.3 nm. Without the FIONA Index filter, the 106 traces would have generated a 
step-size of 9.6 nm. If we look only at those traces with FIONA Indices less than 1, the step-size 
generated is 12.1 nm.  
From Figure 1.7(b, c), we notice that the majority of the traces (77%) have FIONA Indices less than 1. 
This may either be due to poor focusing, inaccurate pipetting that causes kinesin to walk faster than 
desired, or inexperience in choosing walking traces for kinesin. There are a number of traces that simply 
jumps from one spot to another, which is then mistakenly regarded as kinesin walking. We find this to 
be common among experimentalists who analyze kinesin walking data for the first time. With FIONA 







Figure 1.7: Kinesin stepping data from CPLC summer school 2016. Traces with FIONA Indices greater than 1 are 
marked blue, while those with FIONA Indices lower than 1 are marked red. (a) FPS vs. NPS graph of 106 traces. 
The black sloping line marks the cases where F IONA Indices = 1. (b) FIONA Index histogram of the 106 traces, 
with 77% of the traces having FIONA Indices less than 1, and 33% more than 1. (c) Step-size histograms of all 
the 106 traces (green), only those with FIONA Indices less than 1 (red) and only those with FIONA Indices more 
than 1 (blue). 
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1.5.2 Unknown step-size, finding the true step-size 
We cannot use FIONA Index for motors with unknown step-size, since we need to have an assumed 
step-size to calculate FIONA Index. Instead, we can calculate a quantity called the smallest resolvable 
step (SRS), which is the minimum step that can be resolved for a given trace. Experiments finding 
unknown step-sizes should aim to obtain as low an SRS as possible. If the predicted step-size remains 
unchanged even when the SRS is half of the predicted step-size, we can be confident that the predicted 
step-size is the true step-size. 
SRS is the step-size when FIONA Index = 1. Since there are two ways of calculating FPS, we can derive 
SRS in two ways: 
𝑆𝑅𝑆 =  
3.25 𝑁𝑜𝑖𝑠𝑒





𝑆𝑅𝑆 (ln 𝑁𝑓𝑟𝑎𝑚𝑒𝑠 − ln (4 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑆𝑅𝑆
)) − 3.25 𝑁𝑜𝑖𝑠𝑒 = 0 
 
The SRS of a trace will be the larger value of the two. Calculating the SRS for the 100 Hz data in section 
1.4.6, we obtain SRS values shown in Figure 1.8(a). The smallest resolvable steps for the traces range 
between 4 and 21. We also plot the noise for each trace, and find that as the noise increases, SRS will 
also increase as expected. We divide the traces into 5 categories based on its SRS: 4-5 nm, 5-6 nm, 6-7 
nm, 7-8.3 nm and 8.3-21 nm. Figure 1.8(b) shows the step-size histograms for all the five categories. 
When the SRS is more than 8.3 nm, the predicted step-size is 11.7 nm, larger than the expected 8.3 nm. 
When the SRS gets smaller and smaller to 7 nm, 6 nm, 5 nm and 4 nm, the predicted step-size remains 
unchanged at around 8 nm. Since the predicted step-size remains unchanged at smaller and smaller 














      (a)            (b)  
Figure 1.8: (a) Noise vs SRS graph for 100 Hz frame rate experiment. The SRS values range from 4 to 21 nm. We 
divide them into five categories based on the SRS value: 4-5, 5-6, 6-7, 7-8 and 8-21 nm. As noise increases, the SRS 
also increases. (b) Step-size histograms for traces in each of the SRS categories. At high SRS (>8), the step-size 
obtained is 11.7 nm, which is larger than the kinesin step-size of 8.3 nm. When the SRS decreases to less than 8 nm, 
step-size decreases to 8 nm and remains unchanged even when the SRS decreases to around 4-5 nm. 
 
1.6 Conclusion 
Experiments to find out step-sizes of molecular motors require fine balance between noise and frame 
rate. With FIONA Index, we now have a guide to find the optimal experimental setup either by changing 
the frame rate, changing the kinesin velocity, or reducing noise. FIONA Index also allows us to post-
analytically filter out traces with high NPS and low FPS; it also allows molecular motor stepping 

















NOISE OUT: REMOVING EXCESS DYES THROUGH MAGNETIC 
CYTOSKELETON AFFINITY (MICA) PURIFICATION 
 
Until you remove the noise, you are going to miss a lot of signal 
Seth Godin 
2.1 Abstract 
Single molecule research of molecular motors regularly requires labels ranging in size from small 
fluorophores to quantum dots (qdot) and large beads. Excess reporters may be an order of magnitude 
more than the labeled motor and need to be removed. Current centrifugation-based affinity purification 
is slow and requires a lot of sample. Herein we develop Magnetic Cytoskeleton Affinity (MiCA) 
purification that shortens purification time from 2.5 hours to 20 minutes and allows nanogram 
purification of protein, making it ideal for single molecule research requiring fast purification of small 
quantity of protein. We report 27% purification yield of kinesin and show that we can see microtubules 
gliding over individual kinesin-qdot after MiCA purification. We have also successfully purified as little as 
30 ng dynein-dynactin-bicD2 (DDB) complex bound to qdot, which is a considerable advance considering 
the challenge typically associated with isolating dynein. The speed, versatility and ability to purify 
minute quantity of proteins make MiCA a promising technique for routine purification of molecular 






Molecular motors are nanometer-sized machines that convert chemical energy into mechanical work. 
There are three families of cytoskeletal motor proteins - kinesin and dynein which walk along 
microtubule, and myosin which walks along actin filament. These motors are responsible for a wide 
range of motion inside the cell from membrane trafficking, mechanical signal transduction, to 
movement of the entire cell22. 
Single molecule studies offer powerful means of uncovering underlying mechanisms of motor 
movements, allowing us to learn about the step-sizes1,3,10,23–28 and forces12,26,28–32 generated by a single 
motor. To study individual motor, probes need to be attached to the motors.  These probes can be 
fluorescent proteins33–35, organic fluorophores1,24,36,37, quantum dots38–46, or DNA46–48. Excess probes give 
rise to background noise, and for applications requiring further conjugation of labeled motor to other 
substrate47, it is important to remove the excess probes. 
Current methods to remove excess probes include labeling and washing motors while bound to IgG 
Sepharose beads37,45, or using microtubule affinity purification46–48. The drawbacks of these methods are 
the large sample volume and the long time needed to complete the removal. These are not optimal for 
single molecule study, since only a small amount of sample is needed for each single molecule 
experiment, and the leftover purified sample will either be wasted, or frozen for long term storage. 
Freeze-thaw damage often accompanies frozen sample, which reduces the fraction of active, labeled 
motor in the purified protein pool. 
In order to maximize the number of active, labeled motor, it is important to have a point-of-use 
purification system that allows routine purification right before experiment. For such purification system 
to be successful, it needs to be (1) fast, (2) able to purify small sample quantity, and (3) able to purify 
labeled motor. To this end, we develop Magnetic Cytoskeleton Affinity (MiCA) purification using the 
magnetic separation technology that has gained traction in nucleic acid and protein purification in 
recent decade49,50. 
The key to a robust MiCA purification is finding a reliable way to attach the cytoskeleton to the magnetic 
beads to make the MiCA capture beads. We found that the best approach is to use moderately positive 
magnetic beads to bind to the negatively charged cytoskeleton, but not to the molecular motors. In our 
current study, we focus on the microtubule system, but the same conjugation scheme will likely work 
for the actin-myosin system. 
Once the MiCA capture beads are synthesized, we performed MiCA purification on kinesin, kinesin 
bound to quantum dot (qdot), and dynein-dynactin-bicD2 (DDB) complex bound to qdot to show that 
we are able to achieve the three objectives above through (1) reduction of purification time by 7 times, 
(2) purification of nanogram amount of proteins, and (3) purification motors bound to large cargo such 




2.3 Materials and Methods 
2.3.1 Microtubule affinity purification 
One of the milestones in cytoskeleton transport is the discovery of kinesin in 1985 made possible 
through the microtubule affinity purification51. This purification strategy has been used for purification 
of kinesin in-vivo from squid axon 51, HeLa cells 52, Drosophila embryos 53,54, bovine brain 55, human 
neutrophils 56, and sea urchin early embryos and eggs 54,57. In-vitro, this technique allows purification of 
kinesin to remove inactive kinesin. The working principle of microtubule affinity purification is illustrated 
in Figure 2-1(A). Details of the traditional microtubule affinity purification are described below: 
 
(1) Long microtubules are first polymerized from 5 mg/mL tubulin at 37°C for 30 mins in the presence of 
2 mM GTP. Polymerized microtubules are centrifuged at 13,000xg for 30 mins at room temperature, 
and the supernatant containing unpolymerized tubulins are removed while the pellet are 
reconstituted in BRB80 buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9) supplemented with 
1 mM GTP and 20 µM paclitaxel to give the final microtubule mix 
(2) Microtubules are mixed with the motor sample containing active kinesin, inactive kinesin, excess 
fluorophores and kinesin labeled with fluorophore in the presence of 1 mM AMP-PNP, a non-
hydrolysable analog of ATP. AMP-PNP causes kinesin to bind strongly to microtubule 
(3) Microtubule and motor mixture are centrifuged at 13,000xg for 30 mins at room temperature. The 
microtubule, kinesin and any large fluorophore will be pelleted, while inactive kinesin will remain in 
solution 
(4) The inactive kinesin is removed when the supernatant is taken out 
(5) The pellet is washed with dilution buffer made up of BRB80 or DmB-BSA buffer containing 1 mM 
THP (Cat. 71194, EMD Millipore) and low amount of ATP (50 nM). DmB-BSA is dynein motility buffer 
(30 mM HEPES, 50 mM KAcetate, 2 mM MgAcetate, 1 mM EGTA, pH 7.2) supplemented with 8 
mg/mL bovine serum albumin (BSA). Washing can either be done by pipetting gently a few times 
while trying to avoid disturbing the pellet or by a series of reconstitution and centrifugation. Once 
washed, elution buffer containing dilution buffer with 1-3 mM ATP is added, which causes kinesin to 
walk and be released from microtubule 
(6) The mixture is centrifuged again at 13,000xg for 30 mins at room temperature. The microtubule and 
large fluorophore will be pelleted and active kinesin will remain in solution 
(7) The active kinesin in the supernatant is transferred to a new centrifuge tube separate from the 
pellet 
 
2.3.2 MiCA purification 
MiCA purification is derived from the traditional microtubule affinity purification. The centrifugation 
steps (3 and 7) for the traditional purification are replaced with magnetic separation for MiCA 
purification. Details of the MiCA purification are illustrated in Figure 2-1(B) and described below: 
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(1) MiCA capture beads are formed by mixing short microtubules with moderately positive magnetic 
beads. The short microtubules are polymerized from 5 mg/mL tubulin at 37°C for 30 mins in the 
presence of 2 mM GMPCPP (non-hydrolysable analog of GTP), then sonicated for 3 mins 
(2) Capture beads are mixed with the motor sample in the presence of 1 mM AMP-PNP 
(3) Capture beads are pulled by magnet, leaving inactive kinesin and excess fluorophore in the solution 
(4) The inactive kinesin and excess fluorophore are removed when the supernatant is taken out 
(5) The pellet is washed with dilution buffer a few times, then eluted with 1-3 mM ATP, which releases 
kinesin from capture beads 
(6) Capture beads are again pulled by magnet, leaving active and labeled kinesin in the solution 
(7) The active and labeled kinesin in the supernatant is transferred to a new centrifuge tube separate 
from the pellet 
 
 
Figure 2-1: Comparison between (A) traditional microtubule affinity and (B) MiCA for kinesin purification. The 
centrifugation steps (3 and 7) for the traditional purification are replaced with magnetic separation for MiCA 
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purification. As summarized in panel (C), both methods remove inactive kinesin and excess fluorophores while 
retaining active kinesin. In addition, MiCA purification enables purification of kinesin attached to large fluorophore 
 
2.3.3 Magnetic beads preparation 
An important element to the robustness of MiCA purification is the magnetic beads used to bind 
microtubule. We use charge interaction to couple positively charged amine beads to the negatively 
charged microtubule. Commercial amine bead are too positively charged that it binds strongly not only 
to microtubule but also to kinesin, preventing kinesin from being eluted. We therefore reduce the 
positive charge by coupling PEG-amine to the magnetic beads, resulting in moderately positive beads 
that bind only to microtubule but not kinesin. The synthesis of this PEG-amine bead from commercial 
amine bead is illustrated in Figure 2-2(A). 
Detailed protocol of the PEG-amine bead synthesis is outlined in Appendix B.1.1. Briefly, amine beads 
are washed with double-distilled water (ddH2O), and then reacted with FMOC-NH-PEG-SVA. The 
reaction yields FMOC bead, which is washed with ddH2O. FMOC bead is then deprotected with 
piperidine58, yielding NH2 in place of FMOC-NH group, generating PEG-amine bead used for MiCA 
purification. The PEG-amine bead can be stored at 4°C and is good for at least six months. 
Figure 2-2(B) summarizes an SDS-PAGE electrophoresis binding experiment between PEG-amine beads 
and kinesin or microtubule. It shows that PEG-amine bead has preferential binding to microtubule but 
not kinesin. Detailed experimental protocol is described in Appendix B.1.2. Briefly, kinesin and 
microtubules are separately mixed with amine or PEG-amine bead, and the proteins left in supernatant 
(Sup) or stuck on final bead (Bead) are monitored. The initial amount of kinesin and microtubule are 
shown on lane 1. Amine bead binds very strongly to kinesin and microtubule that none is left in Sup on 
lane 2 and none is released from the Bead on lane 3 after mixing with SDS detergent and heated to 95°C. 
Incubating amine bead with BSA protein blocker does not prevent kinesin and microtubule from binding 
to amine bead, shown through the absence of the kinesin and microtubule bands in Sup on lane 4. 
However, BSA blocking reduces binding strength between amine bead and proteins, causing kinesin and 
microtubule to be released from Bead on lane 5 after incubation with detergent and heat. BSA binds 
non-specifically to amine beads, and some binds weakly that they readily detach from bead, leaving BSA 
bands in Sup and Bead on lane 4 and 5. PEG-amine bead binds preferentially to microtubule but not 
kinesin. Lane 7 shows a small fraction of kinesin and a large amount of microtubule left on Bead. Lane 6 
shows that the majority of kinesin and only a small fraction of microtubule are left in Sup after binding 
to PEG-Amine bead. The PEG-Amine bead behaves in a similar manner with and without BSA blocking.  
Figure 2-2(C) shows TIRF microscopy imaging of kinesin-Qdot and fluorescent microtubule binding to 
amine and PEG-amine surfaces functionalized on glass coverslip. The detailed experiment is outlined in 
Appendix B.1.3. Microtubule binds to both surfaces equally well, which is as expected. There are much 
more kinesin-qdot binding to the amine surface than the PEG-amine surface, indicating that amine 
surface would not be suitable for MiCA purification as kinesin will be lost to the surface. Control 
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experiment summarized in Appendix Figure B.1 shows that as PEG-amine concentration on the surface is 
reduced, less microtubule binds, confirming that binding of the microtubule to the surface is through 
presence of PEG-amine. Another control experiment shown in Appendix Figure B.2 concludes that 
kinesin-qdots walk well on PEG-amine surface (around 70% are motile) but not amine surface (only 
around 26% are motile). 
Other than using PEG-amine bead, we also tried other conjugation method using EDC/amine chemistry 
and biotin-streptavidin interaction. They did not work well. We also found that not all commercial amine 
beads work for MiCA. These attempts are discussed further in Appendix B.1.3. 
In general, positively charged beads will bind well to microtubule. Whether or not it is suitable for motor 
purification depends on the interaction of the bead with that motor. With the PEG-amine bead derived 
from MagSi-S NH2, we successfully purify kinesin-1 and DDB complex due to limited interaction between 
motors and the bead. The first experiment to conduct to see if a motor is suitable for purification with 
MiCA is to test if the motor binds to the PEG-amine bead. The less binding there is the better. 
 
 
Figure 2-2: (A) Synthesis of magnetic bead used for MiCA purification. Amine bead binds not only to microtubule, 
but also to kinesin. For MiCA purification to work, bead should not bind kinesin. PEG-amine bead is thus 
synthesized to retain binding to microtubule but not kinesin. This is done by reacting commercial 3.0 µm amine 
bead (MagSi NH2 3.0) with FMOC-PEG3400-SVA to form PEG-FMOC bead. The FMOC group is then deprotected 
with piperidine to yield PEG-Amine bead. (B) Binding experiment of kinesin and microtubule to amine and PEG-
amine beads observed through SDS-PAGE electrophoresis. Kinesin and microtubules are mixed with amine or PEG-
amine bead, and the proteins left in supernatant (Sup) and stuck on final bead (Bead) are monitored. Starting with 
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the initial protein amount on lane 1, amine bead binds very strongly to kinesin and microtubule that none is left in 
Sup on lane 2 and none is released after the Bead is mixed with SDS detergent and heated to 95°C on lane 3. If the 
amine bead is first incubated with BSA protein blocker, both kinesin and microtubule still bind amine-bead, leaving 
none in Sup on lane 4, but they are readily released from Bead after incubation with detergent and heat shown on 
lane 5. Some BSA band can be seen left in Sup and releasing with kinesin and microtubule on lane 4 and 5. PEG-
amine bead preferentially binds to microtubule but not kinesin, shown in lane 7 where a small fraction of kinesin 
and a large amount of microtubule bind to the Bead. Lane 6 shows that the majority of kinesin and small fraction 
of microtubule are left in Sup after binding to PEG-Amine bead. The PEG-Amine bead behaves almost identically 
with or without BSA blocking. (C) TIRF microscopy imaging of kinesin-Qdot and fluorescent microtubule binding to 
amine and PEG-amine functionalized on glass coverslip surface. Both surfaces bind to microtubule equally well, but 
the amine surface binds much more to the kinesin-Qdot than the PEG-amine surface. 
 
2.3.4 Preparation of short microtubules 
We define short microtubules as microtubules with average length less than 1 µm. MiCA purification can 
use both short and long microtubules. Short microtubules tend to stay in solution, which is why they 
cannot be used with traditional purification requiring long microtubules that sediment after 
centrifugation. Otherwise, motors will be lost when bound to the short microtubules that do not 
sediment. 
In practice, we use short microtubules for MiCA purification, using sonication to shear long microtubules 
into short ones59. Long microtubule is prepared by polymerizing 8 µL tubulin (5 mg/mL) in 1 mM GMP-
CPP for 30 minutes at 37°C. 15 µL GMP-Taxol buffer (20 µM paclitaxel, 1 mM GMP-CPP in BRB80) is then 
added and these long microtubules are sonicated. Supporting Figure B.3 shows that as sonication time 
increases from 0 min to 5 min, average microtubule length decreases from 4.0 µm to 0.40 µm. We 
typically sonicate microtubules from 3 to 5 minutes to prepare short microtubules. 
The ability to use both short and long microtubules is advantageous for MiCA purification. The first two 
advantages are reduced preparation time and less microtubule lost. Microtubule after polymerization 
has a large length distribution. To prepare long microtubules, a 30-minute centrifugation is required to 
remove short microtubules that do not sediment. This step is skipped in MiCA purification, avoiding 
throwing away short microtubules. The centrifugation step is replaced with a shorter 3-5 minutes 
sonication. Control experiments in Figure B.4 confirm that short microtubules prepared through 
sonication and skipping centrifugation still allow kinesin binding and release. Figure B.4 also shows that 
kinesin do not release from tubulin, which means that free tubulin cannot be used for purification. It 
needs to be polymerized to microtubules first before being used for purification. 
A third advantage is that the ability to use short microtubules allow freezing of microtubules for long 
term storage at -80°C. Each freeze-thaw cycle shortens the average length of microtubule, reducing the 
potency of long microtubules for traditional purification. Figure B.3 shows shortening of a 2 min 
sonicated microtubule from 0.74 µm to 0.44 µm after freeze-thawing. Since MiCA purification is not 
affected by shortening of microtubules, freezing for long term storage is now a reality. This allows a one-
time preparation of microtubules to be aliquoted and used numerous times in the future, saving 
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significant amount of time. We have used the frozen microtubules 2-3 months after storage at -80°C and 
they are still viable for MiCA purification. Figure B.5 shows that freeze-thawing microtubule does not 
affect kinesin elution with MiCA purification. Freeze-thawing of the microtubule together with the 
magnetic bead, however, causes less kinesin to be eluted and more stuck on the magnetic bead. 
Presumably the magnetic bead or its PEG-amine layer is damaged due to freeze-thawing. Therefore we 
can only save time by freezing the microtubule but not the microtubule bound to the magnetic bead. 
One last advantage of using short microtubule is it reduces the probability of motors walking into 
another motor and stick to each other. With shorter travel path, motors will detach once it reaches 
microtubule end.  The chance of motors sticking to each other may increase when they are bound to 
qdot or other cargoes. Since MiCA purification enables purification of cargo-attached motors, having 
short microtubule means reducing chances of cargoes aggregating. 
 
2.3.5 Preparation of kinesin 
We use three different types of kinesin. All of them are truncated kinesins with biotin attached either to 
the C-terminus where the cargo binding domain of full length kinesin lies, or the N-terminus where the 
catalytic domain lies. The shortest kinesin used is K432, a 432 amino-acid fraction of Drosophila kinesin. 
The next two kinesins, K888 and K888-Het, are equally long with 888 amino acids from the mouse 
kinesin heavy chain. K888 is a homodimer with biotin on the C terminus of both monomers, while K888-
Het is a heterodimer with biotin on the N-terminus of only one of the two monomers. The preparation 
of all kinesins is detailed in Appendix B.8. 
 
2.3.6 Kinesin purification with traditional affinity and MiCA purifications and monitored 
with gel electrophoresis 
Long microtubule is prepared by polymerizing 8 µL tubulin (5 mg/mL) in 1 mM GMP-CPP for 30 minutes 
at 37°C. 15 µL GMP-Taxol buffer (20 µM paclitaxel, 1 mM GMP-CPP in BRB80) is then added and the 
solution is divided into 2 tubes of 10 µL each. One tube is centrifuged for 30 mins at 13,000xg, and then 
reconstituted in 10 µL GMP-Taxol buffer to make the long microtubule. The other tube is sonicated for 3 
min at room temperature to make the short microtubule. Any buffer coming into contact with 
microtubule should be warmed to room temperature. 
MiCA capture bead is prepared by removing the buffer in 50 µL PEG-amine bead (10 mg/mL) and mixing 
in 6.25 µL short microtubule. The mixture is left to incubate for 5 min, and reconstituted in 5 µL dilution 
taxol buffer (20 µM paclitaxel, 1 mM THP, and 80 nM ATP in DmB). 5 µL DmB-BSA is then added, and the 
mixture incubated for 2 min followed by washing with 10 µL dilution taxol buffer. Finally the beads are 
reconstituted in 5 µL dilution taxol buffer to make a final volume of ~6 µL. 
K888-Het is diluted 4x to ~3.75 µM in dilution-taxol buffer. For traditional affinity purification, 1 µL of 
this diluted K888-Het is mixed with 3.5 µL long microtubule, 1 µL AMP-PNP (8 mM), and 2.5 µL dilution 
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taxol buffer. For MiCA purification, 1 µL K888-Het (3.75 µM) is mixed with 6 µL MiCA capture bead and 1 
µL AMP-PNP (8 mM). The mixtures are incubated for 5 min at room temperature in an end-to-end 
rotator. 
The kinesin-microtubule and kinesin-bead are washed with 8 µL dilution taxol buffer twice. For 
traditional affinity purification, washing is done by centrifuging mixture at 13,000xg for 30 mins at room 
temperature to pellet the kinesin-microtubule, and then gently add and remove dilution taxol buffer 
without disturbing the pellet. For MiCA purification, washing is done by magnetic separation to pellet 
the kinesin-bead, then the buffer is removed and the pellet reconstituted in dilution taxol buffer. 
Once washed, the pellets are reconstituted in 8 µL elution buffer (3 mM ATP in dilution taxol buffer) and 
left to incubate for 5 min. The eluants are collected through centrifugation or magnetic separation, and 
another 8 µL elution buffer is added and incubated for 5 min. The second batches of eluants are again 
collected. 
The AMP-PNP supernatant, two wash batches, two elution batches, and proteins left in bead or pellet 
are then quantified with SDS-PAGE electrophoresis using ImperialTM protein stain (Cat. 24615, 
ThermoFisher Scientific).  
 
2.3.7 Kinesin-qdot gliding assay 
Kinesin-qdot is prepared by mixing 0.2 µL K888 (8.8 µM), 1 µL Qdot® 655 Streptavidin Conjugate (SA-
Qd655, 1 µM), and 1.8 µL BSA-taxol buffer(20 µM paclitaxel, 1 mM THP, and 80 nM ATP in DmB-BSA). 2 
µL short microtubules are thawed from a frozen aliquot of short microtubule prepared as in section 
2.3.6. MiCA capture bead is prepared by mixing 2 µL short microtubules with 8 µL PEG-amine bead 
pellet (10 mg/mL) with its buffer removed. After 5 min incubation, the MiCA capture bead is washed 2x 
with 8 µL BSA-taxol buffer and reconstituted in 2 µL BSA-taxol buffer to give 3 µL final bead volume. 
Next, 4 µL kinesin-qdot is mixed with 3 µL MiCA capture bead and 1 µL AMP-PNP (8 mM), and then 
incubated for 5 min at room temperature. The mixture is then washed twice with 8 µL BSA-taxol buffer 
and 8 µL elution buffer (3 mM ATP in BSA-taxol buffer) is added. After 5 min incubation, the eluant is 
extracted that yields approximately 100 nM kinesin-qdot. 
For the gliding assay, long fluorescent microtubule is prepared as in Appendix B.2, using HyLite 488 as 
the fluorescent tubulin. Approximately 0.2 nM kinesin-qdot before and after MiCA purification is added 
to biotin-PEG chamber and left to incubate for 5 min. The chamber is then washed with four chamber 
volume of BSA-taxol buffer, and imaging buffer containing 1 mM ATP, 10x dilution long microtubule, 1 
mM THP, 20 µM paclitaxel, 50 µM biotin, 10 U/mL pyranose oxidase, 4000 U/mL catalase, 2% glucose is 
added. The chamber is then imaged on TIRF microscope with exposure time of 2 second on two EMCCD 
camera, one to collect the qdot fluorescence, another to collect the microtubule fluorescence. A set of 
nanohole images on both cameras are also collected for image registration. 
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For analysis, a transform function is obtained with the nanohole images, as shown in Appendix Figure 
B.6. The qdot images are then transformed so that they are registered with the microtubule images. The 
microtubule image is binarized, thinned to single pixel, then dilated to give it some width. The location 
of each qdot is found using TrackMate in ImageJ. Binary location of the qdots are then overlaid with 
binary microtubule images, and qdot points that overlap with microtubules for at least 8 frames are 
considered active. 
 
2.3.8 MiCA purification of DDB-qdot 
3 µL DDB (~20 nM or ~30 ng/µL dynein) is mixed with 3 µL SA-Qd705 (100 nM) and incubated for >3 
hours. 2 µL frozen short microtubules are thawed and warmed with hand, and then mixed with 8 µL 
PEG-amine beads which has its buffer removed after magnetic pull. The mixture is incubated for 5 min 
at room temperature, then washed 2x with BSA-taxol buffer. On final wash, 7 µL BSA-taxol buffer is 
added to make 8 µL final solution. This bead solution is then aliquoted into 3 tubes in increasing volume: 
0.4 µL, 1.6 µL and 6 µL, which are labeled as 1x, 4x and 15x beads. The buffers of these aliquots are then 
removed and 1 µL BSA-taxol is added to each. Next, 2 µL DDB-qdot is added to each bead sample, and 
the mixtures are left to incubate at room temperature for 10 minutes on an end-to-end rotator. The 3 
µL supernatant is then removed and labeled ‘Bind’. The pellet is washed twice with 3 µL BSA-taxol, 
labeled ‘Wash 1’ and ‘Wash 2’. The final pellet is eluted twice with 3 µL elution buffer (1 mM ATP in BSA-
taxol) and 5 min incubation. These are ‘Elute 1’ and ‘Elute 2’. 
The Bind, Wash 1 and Wash 2 samples are then mixed with 0.25 µL biotin (10 mM) to saturate all 
streptavidin binding sites on qdot, then flowed into microtubule chambers made from PEG-biotin slide 
layered with streptavidin and long biotin-fluorescent microtubule. DDB-qdots in these samples will bind 
to microtubules on the chamber. Elute 1 and Elute 2 are diluted twice in imaging buffer, yielding final 
solution with 0.6 mM ATP, 1 mM THP, 20 µM paclitaxel, 50 µM biotin, 10 U/mL pyranose oxidase, 4000 
U/mL catalase, and 2% glucose in DmB-BSA. These final solutions are then flowed into microtubule 
chamber. All images are recorded on TIRF microscope after ~5 min from infusion into microtubule 
chamber. Particle counting is done with TrackMate in ImageJ. Signal to noise ratios (SNR) and precision 
values are obtained by fitting 2d Gaussians to 16 dots from each Bind and Elute 1 movie. This is done 
using in-house program in Matlab. Each dot consists of 22 to 200 frames that are 0.5s apart in time. The 
amplitudes and background noises from the Gaussian fits and raw images are used to compute the SNR 
and precision values. 
 
2.4 Results 
2.4.1 MiCA reduces purification time 7 times 
Figure 2-3(A) summarizes the time needed for traditional affinity vs MiCA purification. Total purification 
time reduces from 130 min for traditional affinity to 19 min for MiCA purification. Initial microtubule 
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polymerization and centrifugation step that takes 60 min in traditional affinity is replaced with a 5 min 
MiCA capture bead preparation using short microtubules stored at -80°C.  The binding and elution step 
takes the same time for both traditional affinity and MiCA purification, but the wash and eluant 
extraction takes 15 times longer for traditional affinity than MiCA. This is because the 30 min 
centrifugation time in traditional affinity is replaced with a 2 min magnetic separation in MiCA 
purification. 
 
Figure 2-3: (A) Purification time comparison between traditional affinity vs MiCA purification. MiCA purification 
allows 7x reduction in total preparation time, from 130 min to 19 min. (B-C) Yield comparison between traditional 
affinity and MiCA purification. The quantity of kinesin at each bind (AMP), wash, elute and leftover phases are 
tracked. Very small amount of kinesin is seen in the bind and wash phase, showing that kinesin is efficiently bound 
to microtubule/ MiCA capture bead. Kinesin yield with MiCA (27% in elute) is 1.5x less to that for traditional affinity 
purification (41%). The error bars are obtained from gel results of 2-5 experiments. (D-F) Gliding assay for kinesin-
qdot before and after MiCA purification. Kinesin is mixed with qdot in 1 to 1.1 ratio. Due to statistical nature of 
binding, not all qdot has kinesin bound. After MiCA, free qdots are removed. Panel (D) shows qdot fluorescence in 
magenta, microtubule in blue and active kinesin that has moved microtubule is post-marked with green. Time 
marker on upper left hand corner is in frame. Each frame is 2 s. Over time, more kinesins are involved in transport. 
More qdots are active after MiCA compared to before. Panel (E) shows the active fraction before and after MiCA. 
At the end of experiment, as many as 60% of qdots after MiCA are active, compared to around 20% before MiCA. 
Over time, there are around 3x more active fraction after MiCA than before MiCA, as shown in panel (F). 
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2.4.2 MiCA delivers 27% kinesin yield 
Figure 2-3(B-C) shows traditional affinity and MiCA purification experiments monitored through SDS gel 
electrophoresis. The yield for each is shown on the Elute lane. The yield for MiCA is 27%, 1.5x less than 
that of traditional affinity purification, which is 41%.  The initial protein amount is shown on the first 
lane. This initial amount of kinesin is then bound to the microtubule or magnetic bead by addition of 
AMP-PNP. The second lane (AMP) shows the amount of protein left in the supernatant and not binding 
to the microtubule or magnetic bead. Most kinesins bind to the magnetic beads. Only 8% and 4% of 
kinesins are left in supernatant for traditional affinity and MiCA purification. After the binding step, the 
kinesin-bound microtubule or magnetic beads are washed. The wash lane shows that minimal protein is 
lost (2% and 4%) at this step. Once washed, the kinesin is eluted with ATP, and both the amount eluted 
and amount left in beads are monitored in the Elute and Left lane. The amount eluted (41% and 27%) 
are comparable to the amount left on microtubule or magnetic bead (36% and 30%). Sometimes we run 
a second elution step to get more motors eluted. 
 
2.4.3 MiCA allows single molecule observation of kinesin gliding 
Figure 2-3(D-F) shows a gliding experiment using kinesin-qdot before and after MiCA purification. Figure 
2-3(D) shows fluorescence of qdot (magenta) and microtubule (blue) overlaid with green dots to mark 
location of active kinesin. The active kinesins are identified post-analytically. Qdots that co-localize with 
microtubule for at least 8 frames are considered active. Before MiCA purification, free qdots are not 
removed. Figure 2-3(E) shows that at the end of the gliding experiment, only 20% of qdots before MiCA 
purification are actively gliding microtubule, compared to 60% after MiCA purification. Figure 2-3(F) 
shows that at any period of time approximate 3 times as many qdots are active after MiCA compared to 
before MiCA purification. 
As far as we know, this is the first gliding assay where individual kinesin-qdot are observed gliding 
microtubule. Rahul et al. performed gliding assay with a mixture of kinesin-GFP and kinesin60, but no 
experiment has been done where all the kinesins on the surface can be accounted for with a stable, 
long-lasting fluorophore. 
 
2.4.4 MiCA allows purification of as little as 30 ng DDB-qdot 
DDB is difficult to isolate and its purification yield is typically much less than kinesin. DDB also needs to 
be mixed with an excess amount of qdot (5-10x more) in order to bind non-specifically to qdot. Despite 
these complexities, DDB-qdot is successfully purified with MiCA, demonstrating that: 1) MiCA is able to 
purify very small quantity of precious protein; 2) MiCA allows purification of traditionally challenging 
protein; and 3) MiCA can increase signal to noise ratio through removal of excess qdots.  
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Figure 2-4 shows MiCA purification of 30 ng DDB-qdot with increasing amount of MiCA capture bead (1x, 
4x and 15x) to find out which amount is best for the amount of DDB-qdot used. The amount of DDB-
qdot left after binding to MiCA capture beads (Bind), left in second wash (Wash 2), and eluting through 
first and second elution (Elute 1, 2) are shown in (A) and quantified in (B). Looking at panel (B), we note 
that there are a lot of DDB-qdots left after the Bind phase, shown by the high DDB-qdot count in Bind 
compared to other phases. Two wash cycles effectively remove the unbound DDB-qdot, shown by the 
relatively low DDB-qdot count in Wash 2. Upon addition of ATP, DDB-qdots elute from MiCA capture 
beads. More DDB-qdots release into the first elution than the second one. 
As the amount of MiCA capture beads increase from 1 to 4 to 15x, more DDB-qdot binds to the beads 
and less is left in the Bind sample. In terms of elution in Elute 1, the greatest amount of DDB-qdot 
released is with the 4x bead amount, followed by 15x, then 1x. This shows that when there is too little 
MiCA capture bead added (1x), too much DDB-qdots are lost unbound to the beads, and very little 
elutes out. When there is too much MiCA capture bead added (15x), the excess bead likely makes it 
difficult for the DDB-qdot to release during the elution phase through rebinding events. This experiment 
shows that there is an optimal amount of beads for a given quantity of proteins to be purified. 
Panel (C) shows the kymographs for DDB-qdots at each phase and bead amount. DDB-qdots are mostly 
stationary during the Bind and Wash 2 phase, but are active during Elute 1 and 2 phases. Note that DDB-
qdots can be diffusing on microtubule even without ATP, shown by the kymograph on Wash 2 with 4x 
Bead. 
Panel (D) compares the signal to noise (SNR) and precision obtained from qdots before MiCA (or during 
Bind phase) and after MiCA (Elute 1 phase). There is high background before MiCA is applied due to 
excess qdots in the background. These are removed on subsequent washes and elution. High 
background causes low SNR and poor localization precision. Panel (D) shows the SNR before MiCA (11) 
being 5x less than after MiCA (55). Precision achieved before MiCA (17 nm) is ~3x worse than after MiCA 
(5 nm). Through quick removal of excess dye, MiCA purification can become a routine technique used to 




Figure 2-4: MiCA purification of DDB-qdot. (A-B) DDB-qdot purification with increasing amount of MiCA capture 
bead mixed with fixed amount of DDB-qdot. The amount of DDB-qdot left after binding to MiCA capture beads 
(Bind), left in second wash (Wash 2), and eluting through first and second elution (Elute 1 and 2) are shown in (A) 
and quantified in (B). As the MiCA capture bead increases from 1x to 4x and 15x, more DDB-qdots bind to the 
beads and less are left in the Bind supernatant. After 2 wash cycles, most free qdots and unbound DDB-qdots are 
removed. Elution yields the most DDB-qdot from the 4x sample, followed by 15x, then 1x sample. The kymograph 
on the panel (C) shows that the DDB-qdots are mostly stationary in Bind and Wash 2, but are active in Elute 1 and 2. 
This is also shown in Supporting Movie S2. Panel (D) compares the signal to noise (SNR) and precision obtained 
from qdots before MiCA (Bind) and after MiCA (Elute 1). There is high background before MiCA is applied due to 
excess qdots in the background. These are removed on subsequent washes and elution. High background causes 
low SNR and poor localization precision. Panel (D) shows the SNR before MiCA (11) being 5x less than after MiCA 
(55). Precision achieved before MiCA (17 nm) is ~3x worse than after MiCA (5 nm). 7-16 frames are collected to 
quantify the number of qdots in panel (B). 1500-1800 qdot frames are collected to quantify the SNR and precision 





2.5.1 General strategy to optimize MiCA purification 
Initial attempts at MiCA purification were met with failure due to poor microtubule binding to magnetic 
beads. With PEG-amine magnetic bead, a robust MiCA capture bead is made. When a new motor 
construct or a new batch of MiCA capture bead is prepared, we follow the strategy below to optimize 
protein yield: 
1. (Critical) Test cytoskeleton and motor binding to PEG-amine beads 
 Follow experiment shown in Figure 2-2(B). Cytoskeleton should bind well to PEG-amine 
bead, but not motors. 
2. Do a titration experiment to determine the ratio of cytoskeleton to PEG-amine bead. Use 1.5-2x 
excess cytoskeleton to PEG-amine beads to make MiCA capture bead 
3. (Critical) Using a fixed quantity of protein, vary the amount of MiCA capture bead to find out the 
amount that gives the best yield 
 The protein quantity should be large enough to be detectable. More are needed with 
gel electrophoresis experiments than single molecule TIRF experiments. 
 Yield can be very low if too little or too much MiCA capture bead is used. There is an 
optimal point, as shown in Figure 2-2(B) and Appendix Figure B.7(F). 
4. (Critical) The following factors highly affect elution efficiency: 
 Elution ATP concentration. Appendix Figure B.7(D) shows that as ATP concentration 
increases from 0.1 mM to 1 mM and 10 mM, yield increases from 13% to 27% and 39%. 
Higher ATP concentration gives greater yield. 
 Elution volume. Appendix Figure B.7(B) shows that as elution volume increases from 2 
µL to 4 µL and 8 µL, yield increases from 19% to 26% and 27%. Higher elution volume 
gives greater yield at the expense of diluting the purified protein. 
 Elution time. Appendix Figure B.7(C) shows that as elution time increases from 1 min to 
5 min and 30 min, the yield increases from 12% to 27%, then decreases to 23%. There is 
an optimal time for elution. Longer time is not necessarily better as ATP may start to run 
out, or motors become inactive or lost to tubes or beads. 
 Microtubule sonication time. Appendix Figure B.8(D) shows that increasing microtubule 
sonication time from 0 min to 3 min and 6 min increases yield from 30% to 36% and 46%. 
Increasing sonication time reduces microtubule length, and shorter microtubules likely 
promote motor release due to short travel path that reduces motors’ processivity. 
5. The following factors has little effect on elution efficiency: 
 Motor binding time. Appendix Figure B.8(A-B) shows that as kinesin binding time 
increases from 1 min to 5 min and 30 min, yield increases slightly from 10% to 12%, then 
stays at 12%. Note that this result may be different for motors other than kinesin. 
 AMP-PNP concentration. Appendix Figure B.8(F) shows that as AMP-PNP concentration 




 BSA blocking of MiCA capture bead. Appendix Figure B.8(D) shows that the elution 
efficiencies with and without BSA blocking are the same (36%). BSA blocking does not 
improve or adversely affect purification yield. 
 
2.5.2 Limitation of MiCA purification 
We have shown the effectiveness of MiCA purification for single molecule application through 
purification of kinesin-qdot and DDB-qdot. There are two key limitations for MiCA that may prevent it 
from wider application. One is in the disruption of cytoskeleton binding to the PEG-amine magnetic 
bead. For effective purification, the cytoskeleton should remain bound to the bead at all time. However, 
the charge-charge interaction between cytoskeleton and PEG-amine bead can be disrupted by various 
buffer components. Appendix Figure B.9 shows that 82% and 27% of microtubules are dislodged from 
bead when 0.5x and 0.1x working concentration of casein is used. Appendix Figure B.9 also shows that 
as potassium chloride (KCl) concentration increases from 15 mM to 60 mM and 300 mM, the fraction of 
microtubules released from bead increases from 14% to 28% and 45%. For these reasons, buffers used 
for MiCA purification should not contain casein or high salt. Since high salt is sometimes used to elute 
motors from cytoskeleton, this presents one limitation for MiCA purification. Despite this, a wide range 
of motors can be eluted from their cytoskeletons using ATP, and we show that ATP does not disrupt 
microtubule binding to PEG-amine bead, as shown in Appendix Figure B.9. 
A second limitation for MiCA purification is the loss of motors to the PEG-amine bead. Even though 
currently all the motors we have tested have minimal binding to the PEG-amine bead, there may be 
motors that are highly negatively charged, which will bind to the positively charged bead. 
We have not tested the application of MiCA to purify motors from cell extract. All the motors we have 
tested on so far have been previously isolated before MiCA purification is applied. The two limitations 
above are relevant for applying MiCA on cell extract. As long as the cell extracts do not contain 
components that will disrupt microtubule-bead interaction, and the motors to be purified do not bind 
strongly to the bead itself, we predict that MiCA purification can be successfully applied for motor 
purification from cell extracts as well. 
 
2.6 Conclusion 
MiCA purification is ideal for point-of-use purification of molecular motor either by itself or attached to 
a cargo. It is fast and able to purify small quantity of motors. In this paper, we show successful 
purification of kinesin, kinesin-qdot and DDB-qdot with MiCA. The purification yield is as high as 41%, 
and it is able to purify as little as 30 ng of DDB-qdot. MiCA purification shortens purification time from 
2.5 hours to 20 minutes, lending itself to routine purification of molecular motor for a wide-range of 














IN THE QUIET: FLUORESCENT FORCE GLIDING ASSAY TO STUDY 
COLLECTIVE MOTOR BEHAVIOR  
 
Sometimes you need to sit lonely on the floor in a quiet room in order to hear your own voice and not let 
it drown in the noise of others. 
Charlotte Eriksson 
3.1 Abstract 
Recent single molecule techniques have uncovered the force-velocity behavior of individual molecular 
motor. However, there is still limited understanding of how motors work collectively to transport cargo 
inside a cell. Multiple kinesin transporting a cargo, for instance, are shown to have lower velocity 
compared to single kinesin when no load is present. But in the presence of an opposing force, multiple 
kinesin have higher velocity than single kinesin. To understand this counter-intuitive observation, it is 
critical to directly observe force contribution of individual motor in a multi-motor transport. In this 
chapter we present a proof of concept for a fluorescent force gliding assay to study how motors work 
together. In this assay, we use kinesin-qdots purified with Magnetic Cytoskeleton Affinity (MiCA) 
purification and attached to coverslip surface via long DNAs that act as force probes. As kinesin-qdot 
exerts a force on microtubule, the reactive force displaces it in the opposite direction. Monitoring qdot 
displacement provides insight to the force contribution of individual motor. Our preliminary result 
shows that individual kinesin cycles between supplying force and drag on an advancing microtubule, 
even though the net effect of collective kinesin is to propel microtubule forward. This assay has the 




Many cellular movements depend on collective transport of one or more types of molecular motors. 
Kinesin and dynein are known to work together to transport mitochondria61 and cell nucleus62 
bidirectionally. Lipid droplets63,64 and pigment granules65 depend on transport by microtubule and actin-
based motors. Collective transport of motors depends not only on properties of individual motors, but 
also on the interaction between motors. Recent advances in single molecule techniques have helped 
uncover step-sizes1,24 and force behaviors31,66–68 of individual motor, but the exact mechanism of how 
two motors of similar or different type work together remain largely unknown. For this reason we 
develop a fluorescent force gliding assay that is capable of observing force behavior of individual motor 
in a multi-motor transport. 
 
3.3 Materials and Methods 
To set up the fluorescent force gliding assay, we use MiCA purification from Chapter 2 to isolate kinesin-
qdot, which are then bound to a long DNA with 1565 base pairs having biotin and dig conjugated at each 
end, as shown in Figure 3.1. Kinesin-qdot binds to DNA via biotin-streptavidin interaction, and the DNA 
binds to the coverslip via dig-anti dig interaction. The anti-dig coverslip surface is prepared on a biotin-
PEG coverslip suffused with streptavidin, washed, and then covered with anti-dig-biotin. 
When microtubules are flowed into the kinesin-qdot chamber, a fraction of the microtubule will bind to 
the kinesin-qdot and glide along the surface due to active transport by the kinesin-qdot. When the 
kinesin-qdot exerts a force on the microtubule, it will be displaced in the opposite direction because it is 
bound to a flexible DNA tether. When two or more kinesins work together, we can identify which 
kinesins are responsible for microtubule movement by finding the kinesins which are displaced in the 
opposite direction as the microtubule. Kinesins which are displaced in the same direction as microtubule 
drags the microtubule backward instead of supplying force forward. 
Using this assay, we can zoom into the dynamic action of each kinesin as they bind on, unbind from, 
drag, and supply force on microtubule. As we find out in later section, no one kinesin remains the sole 
force provider of an entire microtubule movement. Instead, kinesins frequently switch role and 




Figure 3.1: Schematic diagram of fluorescent force gliding assay. Kinesin-qdot isolated using MiCA purification is 
held by long DNA acting as a force probe. As kinesin-qdot walk on microtubule, it will move microtubule forward 
while displacing itself backward. This displacement can be recorded to show force exerted by individual kinesin. 
 
3.4 Results 
As a proof of concept, we show one representative trace from the fluorescent force gliding experiment 
in Figure 3.2. Images at frame 1, 89, 112 and 200 of the movie are shown in Figure 3.2(a), with 
microtubule in green and kinesin-qdot in red. The three kinesin-qdots are labeled 1, 2 and 3 to facilitate 
identification. At frame 1, no microtubule binds to any kinesin yet. At frame 89, a microtubule is in the 
midst of being moved by kinesin 2. White arrow indicates the direction of force by kinesin on the 
microtubule. Yellow arrow indicates the direction of microtubule movement. Notice that kinesin 2 is 
displaced backward from its original position in frame 1 as it is pushing the microtubule forward. In 
frame 112, kinesin 1 and 2 supplies forward force together, but kinesin 3 pushes the microtubule back. 
Finally at frame 200, kinesin 3 supplies force forward while kinesin 2 drags the microtubule back. 
Figure 3.2(b) shows the displacement of each kinesin 1, 2 and 3 over time. Downward movement 
indicates backward displacement, which means forward push on microtubule. The lines at frame 1, 89, 


























Figure 3.2: Three kinesins moving a microtubule observed with fluorescent force gliding assay. (a) Images at frame 
1, 89, 112 and 200 of the movie. Microtubule is in green and kinesin-qdot is in red. The three spots are labeled 1, 2 
and 3. At frame 1, no microtubule binds to any of the kinesin yet. At frame 89, a microtubule is in the midst of 
being moved by kinesin 2. The white arrow indicates the direction of force by kinesin on the microtubule. The 
yellow arrow indicates the direction of microtubule movement. Notice that kinesin 2 is displaced backward from 
its original position in frame 1 as it is pushing the microtubule forward. In frame 112, kinesin 1 and 2 supplies force 
forward, but kinesin 3 pushes the microtubule back. Finally at frame 200, kinesin 3 supplies force forward while 
kinesin 2 drags microtubule back. (b) Displacement of each kinesin 1, 2 and 3 over time. Downward movement 
indicates backward displacement, which means forward push on microtubule. The lines at frame 1, 89, 112 and 
200 are provided for comparison with (a). 
 








From the fluorescent force gliding result shown in Figure 3.2, we notice that kinesins take turn as 
the force provider for microtubule. Microtubule first engages kinesin 2, and kinesin 2 is the sole force 
provider in frame 89. From this point on, the force provider switches to kinesin 1 and 2 in frame 112, 
kinesin 1 only in frame 165, and kinesin 3 only in frame 200. All the kinesins are involved as the force 
provider at one point or another. Likewise, all the kinesins with the exception of kinesin 1 are also 
involved in dragging the microtubule backward. The microtubule is continuously moved forward in the 
same direction while the kinesins are switching roles. 
From this proof of concept, we can see that the fluorescent force gliding assay has the potential 
of studying detailed motor interactions in multiple motor transport. This is useful in uncovering 
how different types of molecular motors work together, particularly how kinesin and dynein 
cooperate to produce bidirectional motion. 
 
3.6 Conclusion 
In this chapter we show the proof of concept for a fluorescent force gliding assay to study how 
molecular motors work together. This assay makes use of the MiCA purification outlined in 




















Hate is the consequence of fear; we fear something before we hate it; a child who fears noises 
















APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 1  
A.1 Threshold FPS at zero noise 
We look at the special instance when there is zero-noise during stepping. This tells us the minimum 
number of frames in between steps that we need in an ideal situation when there is no noise.  
To prevent skipped steps, there must be at least one frame in between steps. This does not mean that 
an average FPS of 1 frame per step suffices to prevent skipped steps. Since dwell time distribution is 
exponential, an average FPS of 1 frame per step will have 63% of the steps having dwell time less than 1 
frame, while 37% have a dwell time more than or equal to 1 frame. The probability of steps having dwell 
time more than 1 frame increases as we increase the average FPS, as shown in Figure A.1. At an average 
FPS of 6, as many as 85% of steps will have dwell time more than 1 frame, allowing most if not all step-
finding algorithm to predict the correct step-size of 8 nm. In fact, all three step-finding algorithms under 
study correctly predict a step-size of 8 nm at FPS 6. 
Different step-finding algorithms perform differently at zero noise. For T-test, HMM, and SIC-stepfinder, 
the threshold FPS at zero noise are 2, 2 and 6 respectively, as shown in Figure A.2. We can also see that 
for all stepping algorithms, the fraction of steps found at the correct step-size of 8 nm is smallest at FPS 
1, and there are steadily more steps found at 8 nm as FPS increases. T-test and HMM performs better 
than SIC-stepfinder at zero noise. 
 
Figure A.1: The probability of steps having dwell time greater than 1 frame increases as average FPS increases. At 
FPS of 1 frame per step, only 37% of the steps have dwell-time greater than 1 frame. At FPS of 6 frames per step, 





 (a) T-test                         (b) HMM                                              (c) SIC-Stepfinder 
Figure A.2: At zero noise, the threshold FPS for (a) T-test, (b) HMM and (c) SIC-stepfinder is 2, 2 and 6 respectively. 
X-axis is the step-size in nm. Y-axis is the step frequency. 
A.2 Behavior at high noise 
Imaging at high frame rate in a cellular environment3 often yield traces with high noise. This is because 
we cannot lower the ATP concentration in a cell, and has to increase the frame rate at the expense of 
noise to capture stepping motions. It is therefore worthwhile to study the behavior of step-finding 
algorithms at high noise. Figure A.3 shows the step-size histograms of simulated kinesin stepping with 
high noise of 10 nm. As expected, all three step-finding algorithms report larger step-sizes than the true 
step-size (8 nm). One surprising finding is that the Student’s t-test returns negative in addition to 
positive step-sizes, while HMM and SIC-stepfinder only report positive step-sizes. The negative step-size 
reported by t-test is an artifact of overfitting where noise is fitted as a series of backward and forward 
steps with no net displacement. HMM and SIC-stepfinder is therefore much preferred for step-finding at 
high noise. 
When analyzing data involving bidirectional motion (as in the case of kinesin and dynein in tug-of-war), 
this finding is useful for us to avoid using step-finding algorithm that is prone to overfitting, as the back 




Figure A.3: Behavior of t-test, HMM and SIC-stepfinder at high noise of 10. 
A.3 Inherent noise from microtubules and fluorophore 
Noise is an integral part of an experiment. The smaller the step-sizes we are trying to resolve, the more 
significant is the effect of noise. In a kinesin walking experiment, noise can arise from the fluctuation of 
the microtubule itself, and also from the finite brightness of the fluorophore. To gauge the extent of 
noise inherent in the microtubule-Qdot system, we attach Qdot  655 streptavidin conjugate to HiLyte 
488-biotin-microtubule and then immobilize the Qdot-microtubules on streptavidin suffused biotin-PEG 
slides with varying biotin concentrations (0.001%, 0.01%, 0.1% and 1% biotin-PEG). We then measure 
the noise that arises from the immobilized Qdot-microtubules. 
We seek to find the noise contribution to the kinesin-Qdot walking assay by looking at the fluctuations 
contributed solely by microtubule fluctuation and also Qdot photon count. By attaching Qdot directly to 
microtubule, we exclude noise associated with the fluctuation of the kinesin stalk. We analyze the Qdot 
fluctuations on four different biotin-PEG surface (0.001%, 0.01%, 0.1% and 1% biotin-PEG to PEG ratio) 
to see the effect of varying biotin-PEG concentrations to how firmly microtubules are fixed to the 
surfaced. When we decrease the biotin concentration from 1% to 0.001% we see gradual decrease in 
the number of microtubules per field of view. We would expect that there will be less biotin-streptavidin 
attachment of microtubule to the surface for lower biotin concentration, but the result in (a) says 
otherwise. At 10 Hz frame rate, the noise from microtubule varies from 3 nm to 5 nm, gradually 
increasing when the biotin-PEG concentration increases from 0.001% to 1%. We collected only 7 data 
points from each experiment for this quick experiment, but what we learn from this experiment is that 





Figure A.4: Noises from QD-microtubules 
 
When we reduce the frame rate to 2.5 Hz by integrating the 10 Hz data frames 4x, we get around 4% to 
15% better NPS for each experiment, as shown in (b). There are 4x as many photons collected for 2.5 Hz 
compared to 10 Hz, and if the photon noise is the limiting factor, the NPS would have improved 2x. The 
fact that there is only a modest increase in the NPS shows that photon noise is not the limiting factor, 
and that it is either the microtubule fluctuation or the stage drift that is responsible for the noise in our 
experiment. For this Qdot-microtubule experiment, the drift is minimized by smoothing the track using 
Matlab smooth function with robust local regression using weighted linear least squares and a 2nd 
degree polynomial model. 
 
The 3 nm to 5 nm noise at 10 Hz frame rate correspond to NPS of 0.375 to 0.625. Examining Figure 1.6(a) 
from the main document, we notice that the noise from 20 Hz, 4 Hz and 0.8 Hz falls within this range. 
The minimum NPS obtained is around 0.2, close to the 0.375 to 0.625 variation from this experiment. All 
these point to the fact that microtubule fluctuation and Qdot finite photon count contribute largely to 
the noise in kinesin walking experiment. We can expect the minimum amount of NPS obtained from 
experiments to be greater than 0.2. This means that to improve step-size prediction, we can only 
improve the NPS to a certain extent. Once NPS is at the minimum, we will need to increase the FPS. 
 
A.4 Simulation at other step-sizes 
In order to make sure that the step-fitting applies to other step-sizes, and is not biased only to 8 nm 
step-size, we perform other simulations at step-size of 1.5 nm and 35 nm to see if we get similar 
relationship between FPS and NPS. Figure A.5 shows FPS vs. NPS relationship for a simulated motor 
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having step-size of 1.5 nm (red square), 8 nm (blue diamond) and 35 nm (green triangle), with step-
fitting done with SIC-stepfinder. We note that the FPS vs. NPS relationship for 1.5 nm and 35 nm step-
sizes are similar to the one for 8 nm step-size. 
 
 
Figure A.5: FPS vs. NPS relationship for simulated traces with step sizes of 1.5 nm (red square), 8 nm (blue 
diamond), and 35 nm (green triangle). The exponential fit for the 8 nm step-size is also shown in black line. The FPS 
vs. NPS relationship for the 1.5 nm and 35 nm step-sizes are similar to the one for 8 nm step-size 
A.5 Effect of varying frame lengths 
Experiments with different frame rates give rise to data sets with varying frame lengths. Concerned that 
different frame lengths will affect the way step-finding algorithms analyze the data, we investigated the 
effect of making one data set into smaller sets with shorter frame lengths. We used the data from FPS 
144 with noises of 1 nm, 8 nm and 14 nm, then analyze for the predicted step-sizes at frame lengths of 
100, 400, 1600, 6400, 25600 and 100000 frames. 
Using SIC-stepfinder for step-fitting, when frame lengths are varied from 100 frames to 400, 1600, 6400, 
25600 and 100000 frames, we notice that better step-fits are produced with frame lengths greater than 
the FPS. When the frame lengths are less than the FPS, more negative steps are produced. In Figure 
A.6(a,b), we notice that when the frame lengths are 100 frames, there are significantly more negative 
step-sizes than when the frame lengths are 400 frames. Further increase in frame lengths result in less 
occurrence of negative step-sizes. 
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The negative step-sizes likely arise from the SIC-stepfinder algorithm trying to force fit a step when there 
is no step at all. The result is noise-fitting, which generates positive and negative step-sizes equal in 
magnitude, resulting in zero net displacement. This effect is most apparent in (a) for frame length of 100. 
Here we notice that there is a real peak at 8 nm, and two peaks at both –2 nm and 2 nm which are equal 
in frequency, likely arising from fitting noise. 
 
    
Figure A.6: Step-size histograms of traces at FPS 424 with noises of (a) 1 nm and (b) 8 nm, with frame lengths of 
100, 400, 1600, 6400, 25600 and 100000 frames. 
A.6 Formulating FIONA Index using dwell-time 
It is now known that kinesin steps with hand-over-hand mechanism2,69, rather than inchworm 
mechanism70. To distinguish hand-over-hand vs inchworm, kinesin can be labeled on the foot. Kinesin 
step-size will be 16 nm with a hidden 0 nm step if it is handover-hand, and 8 nm if it is inchworm. The 
dwell-time histogram for hand-over-hand will show an initial rise then fall because there is a hidden step. 
For inchworm mechanism, the dwell-time histogram will be exponential. Figure A.7 shows the dwell-
time histograms for each stepping mechanism. Determining the correct kinesin stepping mechanism 
requires data collection at high enough frame rate to ensure there is no skipped steps. Simulations show 
that even for an inchworm mechanism with expected 8 nm step-size and an exponential dwell-time, we 
can obtain step-size and dwell-time profiles similar to that of hand-over-hand when the FPS is low. 
Figure A.8 shows that at FPS 4, the step-size obtained is 14.4 nm, with a dwell-time histogram that has a 
rise then fall profile. At higher FPS, however, the step-size converges to 8 nm, and the dwell-time 
becomes exponential. 
If we compare the step-size histograms to the dwell-time histograms, we note that the step-size is 
predicted accurately at lower FPS (16) compared to dwell-time (104). Indeed, we can also use dwell-time 
to formulate FIONA Index, and this will be a more stringent criterion than using step-size. Figure A.9 
shows the FPS vs NPS plot when we use dwell-time as the criteria for threshold FPS. Comparing this to 
Figure 1.2, we see that at every NPS, we generally need higher threshold FPS to get the correct dwell-
time histogram (exponential) than the correct step-size (8 nm). 
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Therefore, if only the step-size is important, we can make do with less stringent criteria for threshold 
FPS and use Figure 1.2 to derive the FIONA Index equation. If dwell-time is equally important, we will 




Figure A.7: Dwell-time histograms of foot-labeled-kinesin with hand-over-hand and inchworm mechanism 
 
 
                 (a) Step-size histograms                                  (b) Dwell-time histograms 
 
Figure A.8: (a) Step-size histograms and (b) Dwell-time histograms of simulated kinesin inchworm stepping at FPS 1, 




Figure A.9: A semi-log plot of threshold FPS at different NPS for T-test, HMM and SIC stepfinder, using dwell-time 














To know yourself as the Being underneath the thinker, the stillness underneath the mental noise, 





APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 2 
B.1 Magnetic beads preparation 
B.1.1 PEG-amine bead synthesis 
To synthesize the PEG-amine bead, PEG solution is first prepared by dissolving 50 mg FMOC-NH-PEG-
SVA (Laysan Bio, Inc.) in 150 µL freshly prepared sodium bicarbonate buffer (100 mM). The solution is 
centrifuged at 7,200xg for 1 minute to remove undissolved powder. 1 mL of 3 µm MagSi-S NH2 (10 
mg/mL) bead is washed three times with 0.5 mL double-distilled water (ddH2O) through magnetic 
separation and buffer exchange. The bead pellet is then washed in 0.1 mL sodium bicarbonate buffer 
(100 mM). The FMOC-NH-PEG-SVA solution is then added to and mixed thoroughly with the washed 
bead pellet, taking care to avoid the undissolved PEG at the bottom of the tube (Note S1). The mixture is 
sonicated in a bath sonicator for 1 minute, and then incubated on an end-to-end rotator at room 
temperature for 3 hours, yielding the FMOC bead shown in Figure 2-2(A). The next step is to deprotect 
the FMOC group to yield an amine group. This is done by first washing the FMOC beads 2 times with 0.5 
mL ddH2O, and then adding 2 mL of 20% piperidine in DMF to the bead pellet (Note S2). The mixture is 
incubated on end-to-end rotator at room temperature for 2 hours, washed 4 times with 0.5 mL ddH2O, 
and the final bead pellets are reconstituted in 1 mL DmB buffer. 
Note S1: The succinimidyl valerate (SVA) group in the FMOC-NH-PEG-SVA is an active ester that reacts to 
the primary amine on the amine bead 
Note S2: It is important for this deprotection step to be done in a glass vial since organic solvent used for 
deprotection may eat into eppendorf tubes. We use HPLC Agilent 2mL Vials with Teflon screw cap from 
the very beginning of the synthesis, and use neodymium disc magnets (0.220”D x 0.250”T from 
buymagnets.com) wrapped with tape with the sticky side out for the magnetic pulling 
 
B.1.2 Protocol: kinesin and microtubule binding to beads with gel electrophoresis 
Prepare eight Eppendorf tubes. Add amine bead (10 mg/mL) to four tubes (4 µL each) and PEG-amine 
bead (10 mg/mL) to another 4 tubes (4 µL each). Out of the four tubes for the amine or PEG-amine 
beads, two will be used for the BSA experiment, another two for experiment without BSA. Out of the 
two tubes for the BSA or no BSA experiment, one will be to test for kinesin binding and another will be 
for microtubule binding. 
For the BSA experiment, 2 µL DmB-BSA are added to the beads pellet after the original buffers are 
removed with magnetic pulling. The beads and BSA are incubated for 10 minutes at room temperature 
on an end-to-end rotator and then washed with 8 µL DmB. The beads are then mixed with either kinesin 
or microtubule following the protocol below. 
For the kinesin binding experiment, the original buffers in the bead (amine or PEG-amine, with or 
without BSA) are removed with magnetic pulling, and 2 µL kinesins (K888-Het, 1.5 µM) are added and 
incubated for 10 minutes at room temperature on an end-to-end rotator. 
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For the microtubule binding experiment, the original buffers in the bead (amine or PEG-amine, with or 
without BSA) are removed with magnetic pulling, and 2 µL short microtubules (0.8 mg/mL, sonicated for 
3 mins) are added and incubated for 10 minutes at room temperature on an end-to-end rotator. 
Laemmli-BME buffer is prepared by mixing 95 µL 2x Laemlli buffer with 5 µL BME. DmB-Laemmli-BME 
buffer is prepared by mixing 50 µL Laemlli-BME buffer with 50 µL DmB. 
The kinesins and microtubules supernatant (2 µL each) from each experimental category are removed, 
combined together, and washed with 2 µL DmB, which is also removed and combined with the 
supernatant. This mixture is added to 8 µL Laemmli-BME buffer. 8 µL DmB-Laemmli-BME buffer is added 
to the kinesin bead pellet to reconstitute the pellet, which is then mixed with the microtubule bead 
pellet. All the samples are heated at 95°C for 5 minutes using a PCR machine with lid heated to 97°C. Gel 
electrophoresis are carried out using precast gel (12% Mini-PROTEAN® TGX™ Precast Protein Gels, 15-
well, 15 µl) and Imperial Protein Stain (ThermoFisher Scientific). 
 
B.1.3 Protocol: kinesin and microtubule binding to amine/ PEG-amine surfaces with TIRFM 
Long fluorescent microtubule is prepared following protocol in Appendix B.2. Amine and PEG-amine 
surfaces are prepared following protocol in Appendix B.3. To prepare kinesin-qdot, 1.14 µL kinesin (K888, 
0.44 µM) is mixed with 0.5 µL Qdot® 655 Streptavidin Conjugate (1 µM, Cat No: Q10121MP, 
ThermoFisher Scientific) and 2.86 µL dilution buffer (DmB-BSA with 16 µM ATP and 1 mM THP). The 
mixture is allowed to incubate for 30 minutes before 0.5 µL biotin (10 mM) is added to saturate 
streptavidin binding site on the qdot. 
Sample chambers are constructed by sticking the amine and PEG-amine coverslips to glass sides using 
double-sided tape. We can typically make 7 to 11 chambers with 1 to 2 µL volume using one coverslip 
(22x22 mm). For microtubule binding experiment, microtubule is diluted 20 times from stock in taxol 
buffer and added to the amine or PEG-amine chamber, incubated 5 minutes, then washed with 5 µL 
imaging buffer (50 nM PCD (P8279-25UN, Sigma Aldrich), 0.5 mg/mL PCA (37580, Sigma Aldrich), 2 µM 
paclitaxel, 1 mM THP, 80 µM ATP, and 50 µM biotin in DmB-BSA). For kinesin binding experiment, 5 nM 
kinesin-qdot is added to the amine or PEG-amine chamber to fill the chamber volume, incubated 5 
minutes, and then washed with 5 µL imaging buffer. Images are recorded on Andor iXonEM camera using 
internally built TIRFM. 
 
B.1.4 Other MiCA capture beads conjugation attempted 
We tried covalently conjugating beads to microtubule using EDC/ amine chemistry, but microtubules 
tend to depolymerize in the low pH used for conjugation. We also tried using streptavidin magnetic 
beads to bind biotinylated microtubule, but the coupling is inefficient and it complicates purification of 
biotinylated motors coupled to streptavidin probes. 
55 
 
Not all commercial amine beads are suited for MiCA. We had success with 0.6 and 3.0 µm MagSi-S NH2 
from Amsbio LLC, but not BcMag™ Amine-Terminated Magnetic Beads from Bioclone Inc. PEG-amine 
beads synthesized using the BcMag™ amine beads still binds to both kinesin and microtubule after 
modification.  
 
B.2 Preparation of long fluorescent microtubules 
Biotin-Fluorescent-Microtubule is prepared by mixing biotin-tubulin (Cat. T333P, Cytoskeleton, Inc.), 
fluorescent tubulin and plain tubulin (Cat. T240, Cytoskeleton, Inc.) in 0.125:0.04:1 ratio at 7.2 mg/mL 
total tubulin concentration, then aliquoted to 1.1 µL aliquots and flash frozen in liquid nitrogen. When 
needed, one tube is quickly thawed on hand and 0.5 µL GlyTP (6.4 mM GTP in 32% glycerol) is added to 
the 1.1 µL tubulin mix. Final concentrations of tubulin, glycerol and GTP are 5 mg/mL, 10% and 2 mM 
respectively. The tubulin mix is incubated at 37°C for 30 mins, after which 15 µL warm (room 
temperature) GTP-taxol buffer (20 µM paclitaxel and 1 mM GTP in BRB80) is added. The mixture is then 
centrifuged at 13,000xg for 30 minutes to pellet the microtubule. The supernatant is discarded and the 
pellet is washed with 10 µL warm GTP-taxol buffer without disturbing the pellet. Finally 8 µL warm GTP-
taxol buffer is added to reconstitute the pellet to obtain microtubule used for experiment. 
 
B.3 Experiments on amine and PEG-amine coverslips 
B.3.1 Preparation of amine and PEG-amine surfaces on glass coverslips 
Cleaning coverslips: Place 8 coverslips (22x22 mm) in Teflon holder and clean with 1 M KOH and sonicate 
20 mins. Meanwhile, get out aminosilane (CAS 1760-24-3 United Chem. Tech) and FMOC-NH-PEG-SVA 
from freezer to equilibrate to room temperature. Pour KOH into waste container. Refill holder with 
ddH2O. Rinse 7 times. Dry all coverslips using lab-made centrifuge dryer by spinning at 200xg for 2 mins 
at room temperature. Plasma clean all the coverslips in Teflon holder for 3 minutes and place coverslips 
in a dry 100 mL beaker.  
Aminosilanization: Clean a 100 mL beaker with water and methanol, and then dry with nitrogen gas. Add 
75 mL methanol to the beaker, then add 1.5 mL aminosilane and 3.75 mL acetic acid with glass pipette 
in fume hood. Pour aminosilane mix over the coverslips until they are covered. Incubate 10 minutes, 
then sonicate 1 minute and incubate another 10 minutes. Pour off liquid mix into waste container. Refill 
with methanol. Pour off methanol into waste container. Repeat 1 time. Refill with water. Pour out water 
and refill. Repeat 7 times. Dry all coverslips using centrifuge dryer with 200xg spin for 2 mins at room 
temperature. At this point, the coverslips are covered with amine surface. Set 4 coverslips aside and 
modify another 4 with FMOC-NH-PEG-SVA. 
Prepare PEG solution: Weigh 10 mg sodium bicarbonate (fresh each time) and add 1.2 mL ddH2O (makes 
100 mM sodium bicarbonate). Weigh 18 mg FMOC-NH-PEG-3400-SVA and add 75 µL sodium 
bicarbonate buffer. Mix by vortexing, then centrifuge for 1 minute at 7200xg to remove undissolved 
solid. This yields around 84 µL FMOC-NH-PEG-3400-SVA.   
56 
 
Coverslip PEGylation: Take out an empty pipette box with water in the wells to prevent PEG evaporation. 
Lay one aminosilane coverslip on the dry surface above the water. Add 30 µL PEG mixture to center of 
one aminosilane coverslip. Spread a bit with pipet tip and avoid forming bubble. Sandwich another 
aminosilane coverslip on top, watching out for bubbles (can tap to edges or press slightly to get rid of 
bubbles). Repeat with another coverslip sandwich. Close plastic box and wait 3 hours. After 3 hours, 
take sandwich apart (remember which side is coated with PEG!) and put them on Teflon holder, marking 
the side where the PEG is coated. Wash 7 times with ddH2O. Dry all coverslips using centrifuge dryer. At 
this point, PEG-FMOC surface is prepared 
FMOC deprotection: Prepare 20% piperidine solution by mixing 64 mL DMF and 16 mL piperidine in a 
100 mL beaker. Place coverslips in solution, cover beaker with parafilm, and incubate for 2 hours. Wash 
once with DMF, then 7 times with ddH2O, and finally dry with centrifuge dryer. Dispose the piperidine 
solution in a dedicated waste container. At this point, PEG-amine surface is prepared. 
Storage: Place individual coverslip with the PEG-amine side up in a small plastic container just big 
enough to hold one coverslip. Parafilm container to prevent coverslip contact with moisture.  All 
aminosilane and PEG coverslips can be stored at -20°C freezer for prolonged period of time (1 year or 
longer). Upon use, allow coverslip to equilibrate to room temp to prevent condensation on coverslip 
surface. 
 
B.3.2 Microtubule binding to PEG-amine surfaces at different PEG-amine concentrations 
To make sure that microtubule binding to PEG-amine surfaces is specific to the PEG-amine, we decrease 
the PEG-amine concentration and look at microtubule binding to these surfaces. Appendix Figure B.1 
shows that as PEG-amine concentration decreases from 100% to 25%, 5% and 1%, the number of 
microtubules binding to these surfaces decrease. Addition of casein, which is known to dislodge 
microtubule from amine surfaces71, causes some but not all of the microtubules to release. 
The PEG-amine surfaces at lower PEG-amine concentrations (1%, 5% and 25%) are prepared in a similar 
way as the 100% PEG-amine using the protocol in Appendix B.3.1. The only difference is that instead of 





Figure B.1: Binding of microtubule to PEG-amine surfaces at different concentrations. As PEG-amine concentration 
decreases, less microtubule binds. Addition of casein causes microtubule to release from the surface. 
 
B.3.3 Kinesin motility on amine and PEG-amine surfaces 
We investigate kinesin-qdot motility on the amine and PEG amine surfaces to determine if kinesin-qdot 
bound to the microtubule on these surfaces are still motile. Figure B.2 shows the result of this 
experiment. When amine surface is used, only around 26% of kinesin-qdots are motile, showing that 
many of the kinesin-qdots become immotile due to interaction with the amine surface. With 100%, 25% 
and 5% PEG-amine, as many as 67% to 80% of kinesin-qdots are motile, showing that these PEG-amine 
concentrations can be used to immobilize microtubule and still allow kinesin motility. With 1% PEG-
amine, only 24% kinesin-qdots are motile, likely because too few microtubules bind to the surface and 




Figure B.2: Kinesin motility on amine and PEG-amine surfaces. When amine surface is used, only around 26% of 
kinesin-qdots are motile, showing that many of the kinesin-qdots either bind non-specifically to the amine surface, 
or the microtubule bound to amine surface does not support motility. With 100%, 25% and 5% PEG-amine, as 
much as 67% to 80% kinesin-qdots are motile, showing that these PEG-amine concentrations can be used to 
immobilize microtubule that still allow kinesin motility. With 1% PEG-amine, only 24% kinesin-qdots are motile, 
likely because too few microtubules bind to the surface and the ones detected are non-specifically bound to the 
surface instead of binding to microtubule. Error bars are generated from 200-1500 stuck and moving dots on each 
surface. 
 
B.4 Preparation of PEG-biotin coverslips 
The PEG-biotin coverslip is made with 1% PEG-biotin and 99% just PEG. We find that this biotin quantity 
on the surface is enough to immobilize microtubules and other proteins through the biotin-streptavidin 
interaction. 
To make 8 PEG-biotin coverslips, the PEG-amine coverslip preparation protocol in Appendix B.3 is 
followed, with a change in the PEG solution preparation. Instead of using FMOC-NH-PEG-3400-SVA, 25.7 
mg MPEG-SVA-2000 (Laysan Bio, Inc.) is mixed with 0.64 mg Biotin-PEG-SVA-5000 (Laysan Bio, Inc.) and 
107 µL sodium bicarbonate buffer to make 1% Biotin-PEG solution. 30 µL of the solution is then added 
and sandwiched between coverslips, and the coverslips are incubated, washed, dried and stored as in 






B.5 Effect of sonication and freeze-thawing on microtubule length 
Long fluorescent microtubules are prepared as in Appendix B.2, just that no biotin tubulin is used, only 
HiLyte 488 fluorescent tubulin (Cat. TL488M-A, Cytoskeleton, Inc.) and plain tubulin in 0.04:1 ratio. Also, 
instead of using GlyTP (glycerol + GTP), we use GMP-CPP, a non-hydrolysable analog of GTP. GMP-CPP 
microtubules are more stable than GTP microtubules, but the final microtubules obtained are stiffer72,73 
and slightly shorter than GTP microtubules. Briefly, 1.1 µL of HiLyte488-Tubulin mix (7.4 mg/mL) are 
mixed with 0.5 µL GMPCPP (6.4 mM). The tubulin mix is incubated at 37°C for 30 mins then centrifuged 
at 13,000xg for 30 minutes after mixing with 15 µL warm GMP-taxol buffer (20 µM paclitaxel and 0.2 
mM GMPCPP in BRB80). The supernatant is discarded and the pellet is washed with 10 µL warm GMP-
taxol buffer then reconstituted with 8 µL warm GMP-taxol buffer. 
The microtubules are then subjected to sonication in a bath sonicator at 0, 1, 2 and 5 minutes after 
diluting 50 times in taxol buffer (20 µM paclitaxel in BRB80). Note that different sonicators and different 
areas of the same sonicator have different power. For reproducibility, use the same area on the same 
sonicator each time after proper degassing. We use Branson 2510 Ultrasonic cleaner and made a float 
adaptor to position the tubes at the stronger sonication area each time. 
The 2 min sample is divided into two aliquots, and one is subjected to freeze-thawing to investigate the 
effect of freeze-thawing on microtubule length. 
The microtubules after sonication and freeze-thawing are flowed into an aminosilane chamber made 
following protocol in Appendix B.3. They are imaged on a TIRFM setup with Andor iXonEM EMCCD 
camera using 0.5s exposure time, 100 EM gain and a green laser. 
A Matlab code (CountMicrotubules.m) is written to analyze the microtubule length and provided in the 
supporting information. Briefly, each microtubule image is binarized and the microtubule filaments are 
thinned into single pixel region. The microtubule length is calculated by summing the areas of the pixels 
occupied by single microtubule. The mean and standard error of the mean are then calculated from all 
the microtubule lengths and reported in Figure B.3. Accompanying microtubule images are also included 
in Figure B.3 to the left of the microtubule length histogram. 
Figure B.3 shows that increasing the sonication time decreases average microtubule length. Starting 
with an average of 4.04 µm length with no sonication, microtubule length decreases to 1.24 µm, 0.74 
µm and 0.40 µm at 1 min, 2 min and 5 min sonication. Freeze-thawing also decrease the microtubule 




Figure B.3: Microtubule length at varying sonication time. As sonication time increases, the microtubules are 
sheared and become shorter. Freeze-thawing microtubule (2 min F) also has the effect of reducing the average 
length of microtubule, as compared to one without freeze-thawing (2 min). 
 
B.6 Bind and release of kinesin-qdot to tubulin and various microtubule 
preparations 
For these experiments, kinesin-qdot is bound and released from tubulin and various microtubule 
preparations. The tubulin comes from biotin-tubulin (Cat. T333P, Cytoskeleton, Inc.). The centrifuged 
microtubules are prepared from 0.125: 0.04: 1 ratio of biotin: HiLyte488: tubulin, made as in Appendix 
B.2, with GMPCPP (6.4 mM) replacing GlyTP. The non-centrifuged microtubules are prepared similar to 
the centrifuged microtubule, just that the 30 minutes centrifugation step at the end is skipped. The 
sonicated microtubules are prepared similar to the centrifuged microtubule, just that TMR-tubulin 
(TL590M, Cytoskeleton, Inc.) is used in place of HyLite 488-tubulin. Additionally, the microtubules are 
sonicated for 0 min, 2 min and 5 min in a bath sonicator. 
Kinesin-qdot is made by mixing 1 µL K432 kinesin (4 µM) with 0.5 µL Qdot® 655 Streptavidin Conjugate 
(SA-Qd655) and 8.5 µL dilution buffer (DmB-BSA with 1 mM THP and 16 µM ATP). The mixture is 
incubated on ice for 30 minutes, and then 0.25 µL biotin (10 mM) is added to saturate the streptavidin 
binding site in SA-Qd655. 
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PEG-biotin chamber is made from PEG-biotin coverslip (Appendix B.4). Streptavidin (600 nM) is added to 
chamber and left incubated for 5 min.  The chamber is washed with 5 chamber volumes of DmB-BSA. 
Two chamber volumes of tubulin or microtubule (10 times dilution from stock in BSA-taxol buffer (20 
µM paclitaxel in DmB-BSA)) is flowed in and left incubated for 5 min. The chamber is then washed with 4 
chamber volumes of BSA-taxol-biotin buffer (20 µM paclitaxel and 200 µM biotin in DmB-BSA). Two 
chamber volumes of kinesin-AMP solution (0.625 or 5 nM kinesin-qdot, 1 mM AMP-PNP, 20 µM 
paclitaxel, 0.1 µM PCD (protocatechuate 3,4-dioxygenase - Cat. P8279-25UN, Sigma Aldrich), 1.5 mg/mL 
PCA (protocatechuic acid - Cat. 37580, Sigma Aldrich)) is added and the chamber is recorded on a TIRFM 
setup to get the AMP-PNP (binding) images. After AMP-PNP imaging, two chamber volumes of ATP 
solution (1 mM ATP, 20 µM paclitaxel, 0.1 µM PCD, 1.5 mg/mL PCA) is added and the chamber is 
recorded to get the ATP (release) images.  
The results of these experiments are shown in Figure B.4. Figure B.4(A-B) shows that kinesin-qdot binds 
well to tubulin, non-centrifuged and centrifuged microtubule, but releases well only for non-centrifuged 
and centrifuged microtubule (only 0.3% and 6.2% kinesin-qdot remains). As much as 74.1% kinesin-qdot 
is still stuck to tubulin after ATP release buffer is added. This experiment informs us that MiCA 
purification cannot be done using pure tubulin. 
The next set of experiments investigates bind and release scenario from sonicated microtubules. As 
shown in Figure B.3, 5 min sonicated microtubules can be 10 times shorter than non-sonicated ones. It is 
possible that the sonication breaks the microtubule down to pure tubulin, which cannot release kinesin-
qdot. Figure B.4 (C-D), however, shows that increasing sonication time has no effect on the bind and 
release of kinesin-qdot. Practically all kinesin-qdot releases from microtubules sonicated from 0 to 5 min 
(only less than 15% kinesin-qdot remains after ATP elution for all). 
All in all, the kinesin-qdot bind and release experiments in Figure B.4 show us that kinesin can bind to 
any tubulin or microtubule, and can release from any microtubule be it sonicated or not, or centrifuged 




Figure B.4: Kinesin-qdot bind and release experiments on different microtubule and tubulin surfaces. (A & B) 
Comparison of kinesin binding to and releasing from tubulin and microtubules without and with short 
microtubules removed through centrifugation. Kinesin-qdot can bind to all tubulin or microtubules. It does not 
release well from tubulin (74.1% remains bound), but releases well from microtubules without or with 
centrifugation (only 0.3% and 6.2% remains bound). (C & D) Bind and release experiment using microtubules with 
varying sonication time. Sonication does not affect kinesin-qdot release. Only 13.8%, 7.8% and 11.0% kinesin-qdot 
remains after elution with ATP for microtubules with 0 min, 2 min and 5 min sonication. Error bars for panels B and 
D are the standard error of the mean of the number of kinesin-qdot detected from 3 to 6 fields of view in every 
experiment. 
 
B.7 Effect of freeze-thawing microtubules on kinesin elution 
For this experiment, three MiCA capture beads are prepared. One with freeze-thawing short 
microtubule while bound to PEG-amine bead, called FTBoth. One with freeze-thawing only the 
microtubule, called FTMic and another with no freeze-thawing, called NoFT. 
To start, 45 µL PEG-amine bead (10 mg/mL) is washed with 30 µL GMP-taxol buffer and reconstituted in 
14 µL GMP-taxol buffer to make a 15 µL solution. 10 µL of this is then mixed with 6 µL short 
microtubules with 5 min sonication and left to incubate for 5 min. This gives us the NoFT. FTBoth is 
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made by flash-freezing 8 µL of NoFT in liquid nitrogen and thawing it.  FTMic is made by mixing 5 µL 
washed PEG-amine bead with 3 µL thawed sample of frozen short microtubule, and then the mixture is 
incubated for 5 min. 
All three beads are washed with 5 µL GMP-taxol buffer, then 2.5 µL warm DmB-BSA added. The solution 
is incubated for 1 min, and then washed with 5 µL GMP-taxol buffer and reconstituted in 5 µL GMP-taxol 
buffer to give a final volume of 6 µL. K888-Het (3.75 µM) and 1 µL AMP-PNP (8 mM) are then mixed with 
each of these 6 µL MiCA capture beads, and then incubated for 5 min on an end-to-end rotator. The 
beads are then washed twice with 8 µL GMP-taxol buffer and eluted with 8 µL elution buffer (3 mM ATP 
in GMP-taxol buffer). 
The elution, and proteins left in bead are then quantified with SDS-PAGE electrophoresis using 
ImperialTM protein stain and shown in Figure B.5. Compared to the amount left in bead, FTBoth has the 
least fraction eluting (49%), while FTMic and NoFT have 68% and 59% elutiing. The low yield for FTBoth 
may be caused by damage to the magnetic beads or PEG during freeze-thawing of the PEG-amine bead. 
Since freeze-thawing just the microtubule does not adversely affect elution efficiency, we start to use 
frozen microtubules for routine MiCA purification. This saves the short microtubule preparation time, 
since they can now be made just once in a large batch, then aliquoted into small aliquots and taken out 




Figure B.5: Effect of freeze-thawing of MiCA capture beads on kinesin elution. Three MiCA capture beads are 
compared. The first undergoes freeze-thawing on both microtubule and magnetic bead when microtubule is 
bound to the bead. The second only has the microtubule but not the magnetic bead undergoing freeze-thaw. The 
third undergoes no freeze-thaw at all. (A) Gel bands showing the amount kinesin and tubulin that release with the 
elution buffer (Elute) or remain on bead (Bead) after MiCA purification. The greater the fraction of kinesin eluting 
vs. staying on bead the better. (B) Quantifying the fraction of kinesin eluted vs. remaining on bead. No freeze-thaw 
and freeze-thawing only microtubule allows more kinesin eluting than staying on bead. When both microtubule 
and magnetic bead is frozen and thawed, less kinesin elutes than stays on bead. 
 
B.8 Preparation of kinesin 
B.8.1 Preparation of K888 and K888-Het 
For K888 homodimer, the mouse kinesin heavy chain (accession number BC090841) and light chain 
(accession number BC014845) were cloned separately into the baculovirus transfer vector pAcSG2 (BD 
Biosciences). The constitutively active kinesin (kinesin ΔC) was truncated after Ala888. For expression of a 
homodimeric kinesin with two identical heavy chains, a C terminal biotin-tag was added for attachment 
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to streptavidin Qdots, followed by a FLAG epitope at its C-terminus to facilitate purification. The biotin 
tag is an 88 amino acid sequence segment from the Escherichia coli biotin carboxyl carrier protein74, 
which is biotinated at a single lysine during expression in Sf9 cells. 
For K888 heterodimer (K888-Het), two versions of the kinesin heavy were cloned to enable isolation of a 
heterodimer that contained a biotin tag on only one of its two heads. One heavy chain had an N-
terminal biotin-tag, and a C-terminal HIS6 tag. The second heavy chain had only a C-terminal FLAG-tag. 
Both heavy chains were truncated after Ala888.The mouse kinesin light chain was cloned with YFP at the 
C-terminus for use with the heavy chain heterodimer, and with no YFP for expression of the heavy chain 
homodimer. Recombinant baculovirus was prepared by standard protocols.  
Sf9 cells were infected with the heavy and light chain recombinant baculovirus, or in the case of the 
heterodimer, three recombinant baculovirus; two coding for kinesin heavy chain, and one coding for the 
light chain. The medium was supplemented with 0.2 mg/ml biotin, harvested after 72 h, and lysed by 
sonication in 10 mM imidazole, pH 7.4, 0.3 M NaCl, 1 mM EGTA, 5 mM MgCl2, 7% (w/v) sucrose, 2 mM 
DTT, 0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride, 5 µg/ml leupeptin prior to clarifying at 200,000 
X g for 40 min. The supernatant was purified by FLAG-affinity chromatography (Sigma- Aldrich). The 
column was washed with 10 mM imidazole, pH 7.4, 0.3 M NaCl, and 1 mM EGTA. Kinesin was eluted 
from the column in the same buffer containing 0.1 mg/ml FLAG peptide. For the homodimer, the 
fractions of interest were combined, concentrated with an Amicon centrifugal filter device (Millipore), 
and dialyzed against 10 mM imidazole, pH 7.4, 0.2 M NaCl, 1 mM tris(2-carboxyethyl)phosphine TCEP), 
55% (v/v) glycerol,1 mM DTT, 1 µg/ml leupeptin and 50 µM MgATP for storage at -80°C. For the 
heterodimer, the first 15 ml of wash buffer contained excess non-bound light chain and other impurities, 
and was discarded. The desired heterodimeric kinesin containing a biotin tag on only one of its two 
heads, and a FLAG tag only on the heavy chain lacking a biotin tag, did not bind tightly to the FLAG resin, 
and eluted in the next 50 ml of wash. Fractions were concentrated as above, and the concentrated 
heterodimer was dialyzed in the same 55% glycerol buffer as the homodimer. 
 
B.8.2 Preparation of K432 
Recombinant truncated kinesin DNA with 432 amino acids fragment from Drosophila kinesin is made 
with biotin and 6xHis tag at the C-terminus75 . The DNA is cloned into pET17b vector and transformed 
into BL21(DE3) bacterial cells. Cells are grown in LB (Luria-Bertani) media at 37°C until OD600 reaches 
0.6, after which they are induced with IPTG (0.25 mM) for 4 to 5 hours at 37°C. The cells are then 
harvested, lysed with probe sonication after incubation for 15 minutes on ice in lysis buffer (10 mM 
Imidazole, 50 mM TRIS, 250 mM NaCl, 1 mM MgCl2, 40 µM ATP, 1 mg/mL lysozyme, and 1 mM PMSF, 
pH 8.0), and the cell debris removed through centrifugation at 10,000xg for 30 mins at 4°C. The lysate is 
incubated with Ni-NTA resins at 4°C for an hour, loaded on a column, and washed 3x with wash buffer 
(20 mM Imidazole, 50 mM TRIS, 250 mM NaCl, 1 mM MgCl2, 40 µM ATP, pH 8.0). Kinesin is eluted with 
elution buffer (250 mM Imidazole, 50 mM TRIS, 250 mM NaCl, 1 mM MgCl2, 40 µM ATP, pH 8.0) and the 
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fractions of interest are combined. Equal volume of 20% sucrose solution is added and the kinesin is 
flash frozen and stored at -80°C.  
 
B.9 Image registration 
Approximately 1200 points are collected from each nanohole channel for image registration. Figure B.6 
shows a representative image before and after image registration. The qdot channel is registered onto 
the microtubule channel such that when combined, the dots on both channels colocalize. For image 
registration, the cp2tform function in Matlab is used with local weighted mean as the transform type. 
Once the transform function is obtained, it is applied to all the qdot images to transform them so that 
they are registered with their corresponding microtubule images. 
 
Figure B.6: Nanohole images from the microtubule and qdot channel shown in green and magenta. Image shown is 
one quarter size of the full 512x512 pixel collected during experiment. The qdot channel is transformed using 
cp2tform function in Matlab with local weighted mean transform type. Before registration, each dot in the qdot 
channel do not colocalize with the microtubule channel. After registration, the dots in the qdot channel colocalize 







B.10 MiCA purification optimization 
B.10.1 Varying elution volume, time and ATP concentration 
In this experiment, nine different elution conditions varying three parameters are investigated: three 
with varying time (1 min, 5 min and 30 min), three with varying volume (2 µL, 4 µL and 8 µL) and three 
with varying ATP concentrations (0.1 mM, 1 mM and 10 mM). The default parameters are 5 min elution 
time, 8 µL elution volume and 1 mM elution ATP concentration. This default condition is common for all 
three parameters, allowing us to collect only 7 experiments since the result from this default condition 
can be applied to all three parameters. The experimental setup is summarized in Figure B.7(A). 
MiCA capture bead is prepared by removing the buffer in 120 µL PEG-amine bead (10 mg/mL) and 
mixing in 16 µL short microtubule with 5 min sonication. The mixture is left to incubate for 5 min, 
washed with 20 µL dilution-taxol buffer, and then incubated in 10 µL DmB-BSA for 1 min. It is again 
washed with 20 µL dilution-taxol buffer before reconstituting in 12 µL dilution-taxol buffer to make a 
final volume of 15 µL. The mixture is mixed with 1 µL AMP-PNP (20 mM) and 4 µL K888-Het (3 µM), then 
incubated for 5 min at room temperature. After washing twice with 20 µL dilution-taxol buffer, the 
mixture is reconstituted in 20 µL dilution-taxol buffer and aliquoted into 7 tubes of 2.5 µL each. Seven 
different experiments are conducted with varying elution condition, with the default condition as 
described above. The other experiments are: 1 min and 30 min elution time, 2 µL and 4 µL elution 
volume, and 0.1 mM and 10 mM ATP concentrations. The eluants are then quantified with SDS-PAGE 
electrophoresis using ImperialTM protein stain.  
Figure B.7(A) shows the gel result from experiments varying elution conditions, and Figure B.7(B-D) 
quantify their corresponding purification yields. Figure B.7(B) shows that as elution volume increases 
from 2 µL to 4 µL and 8 µL, yield increases from 19% to 26% and 27%. This shows that low elution 
volume adversely affects elution yield. Larger elution volume gives greater yield at the expense of 
diluting the eluant. For our experiments, it is desirable to get optimal yield at high concentration, so 4 µL 
is a good compromise as the yield is only 1% less than that eluted with 8 µL volume, but the 
concentration is twice as high. 
Figure B.7(C) shows that as elution time increases from 1 min to 5 min and 30 min, the yield increases 
from 12% to 27%, then decreases to 23%. 5 min is thus the optimal elution time. The yield decreases at 
long elution time (30 min) likely because some kinesin become inactive and get stuck to microtubule, or 
some are lost to the tube or the bead. It is also likely that ATP starts to run out at longer elution time. 
Figure B.7(D) shows that as ATP concentration increases from 0.1 mM to 1 mM and 10 mM, kinesin yield 
increases consistently from 13% to 27% and 39%. If yield is the only priority, we should use as high an 
ATP concentration as possible. In some experiments, however, low ATP concentration is needed in the 




Figure B.7: (A) Gel image showing changes in MiCA purification yield when varying elution volume, time and ATP 
concentration. Yields are quantified in (B-D). (B) As elution volume increases from 2 µL to 4 µL and 8 µL, yield 
increases from 19% to 26% and 27%. Too low an elution volume will adversely affect elution yield. Up till a certain 
volume (4 µL in this case), increasing volume would not increase yield significantly. (C) Too short an elution time (1 
min) will adversely affect yield. 5 min seems to be an optimal time. When the elution is too long (30 min), yield 
decreases, perhaps because some kinesin becomes inactive and are stuck to microtubule, or some are lost stuck to 
the tube or the bead. (D) Increasing ATP concentration increases kinesin yield, from 13% at 0.1 mM, to 27% and 39% 
at 1 mM and 10 mM. (E) Gel image showing the amount of kinesin detected at different purification phases while 
varying the amount of MiCA capture beads (1x and 3x). The amount of kinesin is quantified in (F). When the 
amount of bead increases three times, total yield (Elute 1+2) decreases from 39% to 23%. This is because extra 
beads increase the likelihood of kinesin rebinding to the microtubules on beads after unbinding. In this experiment, 
MiCA capture bead is in excess relative to kinesin. When MiCA capture bead is the limiting factor, increasing MiCA 
capture bead would increase yield. 
 
B.10.2 Varying the amount of MiCA capture beads 
In this experiment, the amount of MiCA capture bead is varied (1x and 3x amount), and its effect on 
elution yield is investigated. MiCA capture beads are prepared by removing the buffer in 20 µL/ 60 µL 
PEG-amine bead (10 mg/mL) and mixing in 2 µL/ 6 µL short microtubule. The mixtures are left to 
incubate for 5 min, washed with 8 µL dilution-taxol buffer, and then incubated in 4 µL DmB-BSA for 1 
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min. It is again washed with 8 µL dilution-taxol buffer before reconstituting in 2 µL dilution-taxol buffer 
to make a final volume of 3 µL. The mixture is mixed with 1 µL AMP-PNP (6 mM) and 2 µL K888-Het 
(0.75 µM), then incubated for 5 min at room temperature. After washing twice with 8 µL dilution-taxol 
buffer, the mixture is eluted twice with 4 µL elution buffer (1 mM ATP in dilution-taxol buffer), 
incubating 5 min each elution. The AMP-PNP supernatants, eluants, and proteins left in beads are then 
quantified with SDS-PAGE electrophoresis.  
Figure B.7(E) shows the gel result from experiments varying MiCA capture beads. Figure B.7(F) quantifies 
the corresponding amounts of kinesin. Figure B.7(F) shows that when the amount of MiCA capture bead 
increases three times, total yield (Elute 1+2) decreases from 39% to 23%. This suggests the existence of 
an optimal amount of MiCA capture bead for a given amount of protein to be purified, consistent with 
the result from DDB-qdot purification shown in Figure 2-4(B). Too low is not good since there is not 
enough microtubules to capture all motors. Too high is also not good since it increases the likelihood of 
motors rebinding to the microtubules after unbinding. 
 
B.10.3 Varying kinesin binding time 
In this experiment, the kinesin binding time to microtubule in the presence of AMP-PNP is varied (1, 5 
and 30 min), and its effect on elution yield is investigated. MiCA capture bead is prepared by removing 
the buffer in 80 µL PEG-amine bead (10 mg/mL) and mixing in 10 µL short microtubule. The mixture is 
left to incubate for 5 min, washed with 10 µL dilution-taxol buffer, and then incubated in 5 µL DmB-BSA 
for 1 min. It is again washed with 10 µL dilution-taxol buffer before reconstituting in 10 µL dilution-taxol 
buffer to make a final volume of 12 µL. The mixture is mixed with 3 µL AMP-PNP (6 mM) and 6 µL K888-
Het (1.5 µM), then separated into 3 aliquots of 6 µL each. At each 1, 5 or 30 min, one aliquot is washed 
twice with 8 µL dilution-taxol buffer, then eluted twice with 4 µL elution buffer (1 mM ATP in dilution-
taxol buffer), incubating 5 min each elution. The AMP-PNP supernatants, eluants, and proteins left in 
beads are then quantified with SDS-PAGE electrophoresis.  
Figure B.8(A-B) shows that kinesin binding time minimally affects elution efficiency. Yield increases 
slightly from 10% to 12% as the binding time increases from 1 min to 5 min, and stay at 12% as binding 
time increases further to 30 min. 
 
B.10.4 Varying microtubule sonication and use of BSA 
In this experiment, the sonication of the short microtubules binding to PEG-amine bead is varied (0 min, 
3 min and 6 min), and its effect on elution yield is investigated. The 3 min experiment is also duplicated 
and another set is done without BSA to block the MiCA capture bead. 
Four aliquots of MiCA capture beads are prepared by removing the buffer in 96 µL PEG-amine bead (10 
mg/mL) and mixing in 12 µL short microtubules (0 min, 3 min, 3 min (2nd) and 6 min sonication). The 
mixtures are left to incubate for 5 min, washed with 10 µL BSA-taxol buffer for 0 min, 3 min and 6 min, 
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while for the 3 min (2nd), 10 µL dilution-taxol buffer is used for wash. The mixtures are incubated for 1 
min before another wash with 10 µL dilution-taxol buffer for all four aliquots. All are then reconstituted 
in 2 µL dilution-taxol buffer to make a final volume of 3 µL. The mixtures are mixed with 1 µL AMP-PNP 
(3 mM) and 2 µL K888-Het (1.5 µM), then incubated for 5 min. The mixtures are then washed twice with 
8 µL dilution-taxol buffer, then eluted twice with 4 µL elution buffer (1 mM ATP in dilution-taxol buffer), 
incubating 5 min each elution. The AMP-PNP supernatants, eluants, and proteins left in beads are then 
quantified with SDS-PAGE electrophoresis.  
Figure B.8(C-D) shows that Increasing microtubule sonication time from 0 min to 3 min and 6 min 
increases yield from 30% to 36% and 46%. This means that using shorter microtubules through longer 
sonication allows more kinesin to elute. This may be due to the short travel path motors have to walk on 
before releasing. As shown in the inset of Figure B.8(D), the amount of tubulin on each bead does not 
follow a consistent trend, which means that the increase in yield does not come from more microtubule 
binding to the beads at longer sonication. 
The elution efficiencies with and without BSA blocking at 3 min sonication are the same (36%). Blocking 
with BSA does not improve or adversely affect purification yield. This result is helpful for experiments 




Figure B.8: (A,C,E) Gel images for experiments investigating kinesin yield by varying binding time (A), microtubule 
sonication time (C) and AMP-PNP concentration (E). (B,D,F) The corresponding quantification of bands shown in 
(A,C,E). (A-B) Binding time minimally affects elution efficiency. Yield increases slightly from 10% to 12% as the 
binding time increases from 1 min to 5 min, and stays at 12% as the binding time increases further to 30 min. (C-D) 
Increasing microtubule sonication time from 0 min to 3 min and 6 min increases yield from 30% to 36% and 46%. 
Using shorter microtubules through longer sonication allows more kinesin to elute. The 3 min experiment is 
duplicated without BSA blocking, and the elution efficiency with and without BSA blocking are the same (36%). 
Blocking with BSA does not improve or adversely affect yield. (E-F) Increasing AMP-PNP concentration from 0.5 
mM to 5 mM does not increase elution yield. Yields maintain at around 59% when the AMP-PNP concentrations 
are at 0.5 mM, 2 mM or 5 mM. 
 
B.10.5 Varying AMP-PNP concentration 
In this experiment, the AMP-PNP concentration during kinesin binding is varied (0.5 mM, 2 mM and 5 
mM), and its effect on elution yield is investigated. MiCA capture bead is prepared by removing the 
buffer in 72 µL PEG-amine bead (10 mg/mL) and mixing in 12 µL short microtubule. The mixture is left to 
incubate for 5 min, washed with 20 µL BSA-taxol buffer, and then incubated in 20 µL BSA-taxol buffer for 
1 min. It is then washed with 20 µL dilution-taxol buffer before reconstituting in 10 µL dilution-taxol 
buffer to make a final volume of 12 µL. The mixture is then divided into three aliquots of 3 µL, and to 
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each aliquot, 1 µL AMP-PNP (3 mM, 12 mM or 30 mM) and 2 µL K888 (3.5 µM) are added. All aliquots 
are washed twice with 8 µL dilution-taxol buffer, then eluted twice with 8 µL elution buffer (1 mM ATP 
in dilution-taxol buffer), incubating 5 min each elution. The AMP-PNP supernatants, eluants, and 
proteins left in beads are then quantified with SDS-PAGE electrophoresis. 
Figure B.8(E-F)  shows that increasing AMP-PNP concentration from 0.5 mM to 5 mM does not increase 
elution yield. Yields remain approximately constant around 59% regardless of the AMP-PNP 
concentrations between 0.5 mM to 5 mM range. We can thus choose to use AMP-PNP concentration as 
low as 0.5 mM so that no trace AMP-PNP can be found in the elution buffer. 
 
B.11 Microtubule release with casein, KCl and ATP 
For MiCA purification to work, buffers that elute motors should not dislodge microtubule from the MiCA 
beads. Typically motors are eluted with ATP (1-5 mM) and high salt (50-300 mM potassium chloride 
(KCl)). In this experiment, we investigate if ATP and KCl dislodge microtubule. Additionally, we also test if 
casein dislodges microtubule, as casein is known to disrupt the charge-charge interaction between 
microtubule and the positively charged amine surface71.  
Seven aliquots of MiCA capture beads are prepared by removing the buffer in 6 µL PEG-amine bead (10 
mg/mL) and mixing in 3 µL short microtubule (5x diluted from the usual stock described in Section 2.3.4). 
The mixtures are left to incubate for 10 min, then 3 µL of casein (0.1x and 0.5x working concentration), 
KCl (15 mM, 60 mM and 300 mM), and ATP (1 mM and 5 mM) are added to each aliquot. After 5 min 
incubation, the supernatant and the proteins left in beads are quantified with SDS-PAGE electrophoresis. 
Figure B.9 shows the gel result (A) and the fraction of microtubule released (B) from this experiment. 
The fraction released is calculated by taking the ratio between the amount left in supernatant and the 
amount left on bead. When 0.5x and 0.1x working concentration of casein is added, 82% and 27% of 
microtubules are dislodged. It is clear that casein causes microtubule unbinding from the PEG-amine 
bead, so any buffers containing casein should be used with caution to prevent unwanted unbinding of 
microtubules. Figure B.9(B) also shows that as KCl concentration increases from 15 mM to 60 mM and 
300 mM, the fraction of microtubules released increases from 14% to 28% and 45%. High salt therefore 
also causes microtubule release from the PEG-amine bead, and its use in elution buffers should be 
avoided. Lastly, as ATP concentration is increased from 1 mM to 5 mM, the amount of microtubules 
released remains minimal at 10% and 7%. This shows that we can increase ATP up to 5 mM without 




Figure B.9: (A) Gel image for microtubule unbinding experiment. The fraction of microtubule released shown in 
panel (B) is calculated by taking the ratio between the amount left in supernatant and the amount still stuck on 
bead. Casein is known to dislodge microtubules from positively charged surfaces
71
. When 0.5x and 0.1x working 
concentration of casein is added, 82% and 27% of microtubules are dislodged. Potassium chloride (KCl) increases 
the ionic strength of the buffer, thus decreasing the charge-charge interaction between microtubule and PEG-
amine bead. As KCl concentration increases from 15 mM to 60 mM and 300 mM, the fraction of microtubules 
released increases from 14% to 28% and 45%. ATP is used to elute kinesin, and fortunately as the concentration of 
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